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ABSTRACT 


This  research  deals  with  the  relationship  between  the  mlcrostruetural 
features  and  the  susceptibility  to  brittle  fracture  of  six  selected  ccooer- 
clally  produced  ultra-high  strength  steels.  Ihe  paunuseters  selected  for  the 
susceptibility  to  brittle  fracture  were  the  susceptibility  to  plastic  insta¬ 
bility,  indicative  of  the  susceptibility  to  ductile  fracture  initiation,  and 
controlled  totail  available  energy  bend  test  to  dstenaine  the  conditions  for 
acceleration  of  crack  propagation  and  the  energy  absorbed  in  rapid  crack 
propagation.  Hie  mlcrostructures  were  studied  by  standard  techniques  of 
optical  microscopy,  electron  microscopy,  and  electron  diffraction. 

Ibe  true  stress-true  strain  tensile  tests  of  the  experimental  steels, 
showed,  in  general,  a  low  strain-hardening  coefficient  (n  vsilues  of  0.04  to 
0.06)  and  a  rapid  loss  of  capacity  for  strain  hardening  early  in  the  plastic 
range.  The  strain  at  load  instability  in  the  tensile  test  showed  no  discerni¬ 
ble  correlation  with  the  strain  in  torsion  at  the  onset  of  structural  insta¬ 
bility  in  the  torsion  test.  The  experimental  steels  showed  considerable 
variation  in  susceptibility  to  plastic  instability,  with  H-U  and  300-M  being 
outstanding  in  this  regard.  The  susceptibility  to  plastic  instability  de¬ 
creases  as  the  tensile  strength  level  is  dropped  froa,  275>000  psi  to  2^0,000 
psi. 


Only  preliminary  results  have  been  obtained  on  the  controlled  available 
energy  bend  test.  It  shows  proaise  in  being  able  to  ferret  out  the  important 
paraaeter  that  controls  the  acceleration  of  crack  propa^itlon  to  the  running 
stage.  There  seems  to  be  no  important  variation  in  energy  absorption  during 
'  the  running  stage. 

The  mlcrostruetural  examination  of  the  structures  of  the  experimental 
steels  showed  similarities  and  divergences  in  detail.  AISI  06,  and 

d6ac  have  coarser  carbides  than  JOON  acd  MIC-2;  06  and  06AC  also  contain  un¬ 
dissolved  carbides.  All  have  certain  coaann  features  such  as  platelet  pre* 
clpitates,  parallel  plate  colonies,  and  areas  of  ferrite  bsure  of  carbides. 

The  phenosienon  of  yxP7  eBd)rlttleaent  may  play  a  role  in  the  nature  of  the 
Bwchani.cal  response  of  these  steels. 
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I.  ZRIRODUCTIOlf 


Tb*  applleatloo  of  haat-tTMtabl*  stMls  In  strueturoi  ftt  ultra-high 
strength  lerels  in  recent  years  has  pointed  to  their  susceptibility  to 
brittle  fracture  as  a  najor  problea.  Ibis  research  eas  Initiated  as  a 
result  of  curiosity  about  the  relatively  large  nuiiber  of  steel  eosvosi- 
tions  developed  for  application  at  tensile  strength  levels  above  225,000 
psi.  Ibe  question  asked  vas  ebethex'  or  not  the  various  steel  coopositions 
heat  treated  to  a  given  strength  level  vary  significantly  in  their  suscepti¬ 
bility  to  initiation  and  propagation  to  fracture  and  if  such  differences  can 
be  correlatod  to  certain  features  of  the  aicrostruetures. 

lbs  susceptibility  to  ductile  fracture  is  proposed  to  be  related  to  sus¬ 
ceptibility  to  plastic  instability,  or  highly  localised  flow.  Ibis  suscepti¬ 
bility  for  six  selected  steel  coopositions  vas  tested  in  torsion  at  tensile 
strength  levels  of  250,000  and  275,000  psi.  Conpanlon  true  stress-true  strain 
tensile  tests  vere  saide  for  cross  correlation.  Preliainary  propagation  tests 
vere  oade  on  bend  speclasns  in  which  the  total  available  energy  is  control¬ 
lable.  Ibe  nlcrostructures  of  the  experlaental  steels  vere  studied  by  optical 
alcroscopy,  electron  microscopy,  and  electron  diffraction. 


II.  EXPERINSMTAL  8ISBLS 


A.  AISI  43l«0  SIXBL 

This  material  vas  obtained  in  the  form  of  1^  inch  diameter  rods  from 
Republic  Steel  Coiporation,  Itessllon,  Ohio.  Ibe  chemical  composition  is 
given  in  Table  I. 


B.  500  M  STEEL 

Ibis  material  was  obtained  in  the  form  of  1^  inch  diameter  rods  from 
Republic  Steel  Coiporation,  Nassilon,  Ohio.  Ibe  chemical  cooposition  is 
shovn  in  Table  I.  The  oteel  is  a  modification  of  AISI  containing  an 
increased  silicon  and  vanadium  content  vhlch  allows  tenpering  at  a  compara¬ 
tively  high  tenperature  by  raising  the  emibrittleaent  teoperature  range. 


C.  LADISH  1)6A,  D6AC 

These  materials  vere  obtained  in  the  form  of  1^  inch  diameter  rods  from 
Republic  Steel  Corporation,  Massllon,  Ohio.  Tbe  chemical  compositions  are 
given  in  Thble  I.  06A  is  an  air-melted  steel.  D6AC  is  a  vacuum  consumable 
electrode  arc  melted  steel.  They  are  both  air  hardenable. 


D.  H-U  STEELS 

These  materials  vere  obtained  in  the  form  of  f  inch  diameter  rods  from 
Vanadium  Alloys  Steel  Conpany  both  in  air  melted  and  vacuum  consumable 
Manuscript  released  by  the  authors,  December  1962  for  publication  as  an 
ASD  Technical  Documentary  Report. 
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per  million  olstalned  by  vacuum  fusion. 


•Itetrode  arc  meltad  condition.  Tbey  are  alio  knovn  as  Vateojet  1000,  vhlcb 
is  a  Bodlflcatlon  of  the  popular  hot  work  die  steel  called  Hot  Form  (AISI 
desl9»tlon  is  H-ll).  The  outstanding  features  are  deep  taardenabllity  by 
air  cooling  and  a  secondary  hardness  peak  that  appears  in  the  vicinity  of 
9^*F.  ITssperlng  is  conducted  at  still  higher  tengwratures.  Multiple  tern- 
perlng  in  this  range  transforms  essentially  all  of  the  retained  austenite  to 
tempered  martensite,  nie  chemical  coq>osltions  are  given  in  Table  I. 


E.  ME-2  STEELS 

These  materials  were  obtained  through  the  courtesy  of  Dr.  G.  K.  Bbat 
and  Mr.  E.  Vandale  of  the  Mellon  Institute  in  the  form  of  1^  inch  and  f  Inch 
diameter  rods,  both  in  single  vacuum  consumable  arc  melted  and  double  vacuum 
consumable  arc  melted  form.  The  steels  are  modified  essentially  by  addition 
of  one  per  cent  each  of  cobalt  and  silicon.  Multiple  tempering  is  recosmended. 
There  is  a  tenper  embrittlement  range  found  with  this  alloy,  whose  peak  exists 
at  700*’f.  The  chemical  cospositions  of  the  steels  are  given  in  Table  I. 


F.  Hy>TUF  STEEL 

This  material  was  obtained  in  the  form  of  f  inch  diameter  rods  from 
Crucible  Steel  Cospany.  The  nominal  cooposltion  is  given  in  Thble  I.  This 
alloy  was  designed  for  use  under  2li0,000  psl  ultimate  tensile  strength 
level. 


III.  MBCHAHICAL  TBSmiG 


A.  TENSKW  TESTS 

All  tests  were  conducted  at  amiblent  teq^rature  and  the  specimens  were 
heat  treated  to  ultimate  tensile  strengths  of  2^,000  psl  and  27s, OOO  psi. 

The  object  of  tension  testing  was  principally  to  ascertain  the  teopering 
tesperatures  for  obtaining  the  established  strength  levels  and  to  correlate 
the  strain-hardening  characteristics  and  the  plastic  instability  in  simple 
tension  to  these  properties  deduced  from  the  torsion  tests.  The  code  identi¬ 
fication  of  experimental  steels  is  given  in  Thble  II. 


1.  Preparation  of  Tensile  Specimens 

The  proportionate  size  (l)  of  threaded-end  round  tension  test  speci¬ 
mens  with  1  inch  gaige  length  and  i  inch  diameter  were  used  throughout  the 
tension  testing.  Three  specimens  of  each  steel  at  each  strength  level  were 
prepeuad  as  follows: 

<  1  >  Normalize  2  hrs.  total 

<  2  >  Teoper  1^  hrs.  total 
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Tkble  II.  Code  Identification  of  the  Experimental  Steels 


Steel 

Designation 

Coamnreial 

IfUM 

Neltlng 

Procedtire 

A 

AISI  43^ 

In  air 

B 

300M 

In  air 

C 

D6A 

In  air 

cv 

D6AC 

Vacuum  consumable  arc 

0 

H-U 

In  air 

DV 

H-11 

Vacuum  melted 

E 

ta~2 

Single  vacuum  consumable  electrode 

EV 

NX-2 

Double  vacuum  consumable  electrode 

F 


Hy-Tuf 


In  air 


<  3  >  Rou{^  mehlM  to  0.275  ineb  dlaawter  (0.325  Inch 

diuater  for  torsion  spseioenB). 

<  U  >  Austenitize  1  hr.  total 

<  5  >  ^eneh 

<  6  >  Temper  to  established  strength  levelc 

<  7  >  Finish  machine  to  standard  0.23  Inch,  0.50  Inch 

diameter  tenslles  (0.300  Inch  dlaiMter  for  torsion 
specimens). 

<  8  >  Stress  relieve  1  hr. 

Results  of  the  preliminary  tensile  tests  for  obtaining  the  proper  tendering 
teqperatures  In  the  experimental  steels  are  given  In  Thble  III.  Oraln  size 
has  been  checked  on  steels  AISI  k3^  and  H>11  after  austenitizing  for  one 
hour.  Both  ^steels  yielded  the  same  value,  namely,  ASTM  Ro.  8.  Based  upon 
the  data  shown  in  Table  III,  the  relations  of  tempering  tesperatures  and 
ultimate  tensile  strengths  have  been  drawn  as  shown  in  Figure  1.  Proper 
tesperlng  tesperatures  for  tensile  strength  levels  of  230,000  psl  and 
273,000  psl  were  obtained  by  extrapolation,  nie  determined  heat  treatments 
for  obtaining  the  established  strength  levels  In  experimental  steels  are 
shown  In  Table  IV  according  to  which  both  tension  and  torsion  specimens  were 
made. 


2.  Method  of  Testing 

Tension  tests  were  conducted  In  a  Tlnius  Olsen  Universal  Testing 
Machine  using  the  30,000  lb.  load  capacity.  speed  of  the  cross  head 

was  maintained  constant  at  0.0112  inch  per  minute  which  Is  equivalent  to  a 
strain  rate  of  0.0112  inch  per  minute  for  a  gage  length  of  one  Inch.  As 
soon  as  the  loaded  specimen  reached  the  yielding  point,  load-diameter  measure¬ 
ments  were  recorded  to  fracture.  A  micrometer  gage  was  used  to  measure  the 
change  of  diameter.  Care  was  exercised  in  the  initial  stage  of  loading  to 
locate  the  smallest  cross-sectional  area  by  moving  the  gage  over  the  entire 
gEige  length  of  the  specimen.  Formulae  for  c8^.culating  true  stress  and  true 
strain  from  the  measured  data  have  been  illustrated  in  many  publications. 
(2,3,4) 


3.  Results  and  Discussion 

According  to  the  maximum  load  conception  of  instability,  a  relation 
between  plastic  instability  and  strain-hardening  characteiri sties  In  pure 
tension  can  be  derived  from  the  espirical  relation  between  true  stress  and 
true  strain. 
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Temptring  Temperature 


Table  IV.  Proper  Heat  Treatjnent  for  Obtaining  Established 
Strength  Levels  in  the  Experimental  Steels 


Series^^ 

Hardening 

Quenching 

Medium 

Tempering 

Stress 

Relieving 

Hardness 

after 

Tempering 

Rc 

Tern)., 

°F 

Time, 

hr. 

Temp., 

®P 

Time, 

hr. 

Tem., 

®F 

Time, 

hr. 

TA6 

1525110 

1 

oil 

450115 

1 

350 

1 

52-53 

TAI5 

1525110 

1 

oil 

550115 

1 

350 

1 

49-50 

TB5 

160015 

1 

oil 

740110 

1+1 

500 

TBI5 

160015 

1 

oil 

870110 

1+1 

500 

mM 

TC5 

155015 

1 

air 

510110 

2+2 

400 

TCI5 

155015 

T_ 

air 

720110 

2+2 

400 

TCV5 

155015 

1 

air 

510110 

2+2 

400 

TCVI5 

155015 

1 

air 

720110 

2+2 

400 

TD8 

185015 

1 

air 

101015 

2+2 

900 

1 

53 

TD18 

185015 

1 

air 

106015 

2+2 

900 

1 

49-50 

TDV8 

185015 

1 

air 

101015 

2+2 

900 

1 

53 

TDVI8 

185015 

1 

air 

106015 

2+2 

900 

1 

49-50 

06 

170015 

1 

oil 

530110 

2+2 

400 

1 

53 

m6 

170015 

1 

oil 

680110 

2+2 

400 

1 

48-49 

IEV6 

170015 

1 

oil 

530  i;o 

2+2 

400 

1 

52 

TEV16 

170015 

1 

oil 

680110 

2+2 

400 

1 

49 

TP5 

160015 

1 

oil 

300115 

2 

200 

2 

51 

TFI5 

160015 

1 

oil 

400115 

2 

200 

2 

48-49 

TCV8R** 

150015 

1 

air 

510110 

2+2 

400 

1 

51-52 

TCV9R 

150015 

1 

air 

510110 

2+2 

400 

1 

51-52 

^Itaese  designations  correspond  to  those  in  Ibible  IZ  except  that  a  T  is 
prefixed  for  tension  test. 


AX,  BX  . . .  PX  <■  G^eclmen  series  of  high  strength  level 
275,000  psi. 

AXY,  BXI  . . .  FXY  ■  S^cimen  series  of  low  strength  level 
250,000  psi. 


<^*SpecliDens  used  for  obtaining  reproducibility. 


from  idileb  It  follows  that 


(2) 


iriiere  n  is  the  strain  hardening  exponent,  K  is  strength  coefficient,  a  and 
5  are  true  stress  and  true  stxsdn,  and  6^  is  the  true  strain  at  the  maxlmian 
load.  Oius,  the  true  strain  at  i^ch  necking  begins  to  form  in  uniaxial 
tension  is  equal  to  the  strain-hardening  exponent,  provided  equation  (l)  is 
valid.  Sxperlmentally,  it  was  found  that  when  the  load  reaches  a  maximum, 
the  strained  specimen  tends  to  maintain  the  naxiimim  load  for  a  shoirt  period 
of  time.  Hence,  it  was  possible  to  record  several  readings  in  the  change  of 
dlauaeter  at  this  transient  stage  of  maximum  load.  One  of  the  strain  values 
obtained  during  this  period  corresponds  to  the  strsdn-hardening  exponent. 

Ibe  test  results  which  correlate  strain  at  load  to  its  strain-harden¬ 

ing  exponent  are  shown  in  Thble  V  along  with  other  Isqiortant  tensile  proper¬ 
ties.  It  appeared  that  necking  starts  at  the  end  of  maxlimun  load  period. 

Qte  reproducibility  of  the  tensile  properties  was  determined  by  two  repeti¬ 
tive  testa  of  steel  D6AC  at  a  high  strength  level.  These  two  tests  are 
labeled  as  TCV8R  and  TCV9R  listed  at  the  bottom  of  Table  V.  A  good  repro¬ 
ducibility  of  tensile  properties  was  obtained  as  can  be  seen  for  specimens 
TCV^,  TCV8R  and  TCV9R.  The  true  fracture  stress,  which  is  defined  as  the 
load  at  fracture  divided  by  the  cross-sectional  area  at  fracture,  is  listed 
here  only  for  reference.  Actually  this  stress  should  be  corrected  for  the 
trlaxlal  state  of  stress  existing  in  the  tensile  speciMn  at  fracture.  Since 
the  primary  purpose  of  the  test  is  to  determine  the  relations  involved  in 
strain-hardening  characteristics  and  plastic  instability,  the  fracture  stres¬ 
ses  were  not  corrected  for  triaxlality. 

The  strain-hardening  characteristics  n,  and  K  were  obtained  by  plotting 
first  the  true  stress-true  strain  data  on  a  log-log  paper,  laical  plots 
are  presented  in  Figure  2.  At  the  beginning  of  the  plots,  deviations  from 
the  empirical  equation  (l)  were  frequently  observed.  One  common  type  of 
deviation  is  a  curve  with  continuously  decreasing  slope  idilch  can  be  readily 
seen  in  Figure  3  by  plotting  the  slope  of  the  log  true  stress-true  strain 
curve  as  a  function  of  true  strain.  The  slopes  of  the  log  true  stress-true 
strain  curves  or  the  strain-hardening  exponents  were  obtained  graphically 
as  described  by  Low  (5).  The  departure  from  a  straight  line  at  both  small 
and  large  strains  was  also  noted  by  Marin  who  has  proposed  a  correction 
method  (6).  Since  these  deviations  practlceaiy  do  not  affect  the  processing 
of  tensile  data  for  obtaining  strain-hardening  exponents,  the  representative 
vs^.ues  of  n  and  K  were  obtained  by  treating  that  portion  of  the  log  true 
stress-true  strain  curve  in  which  equation  a  -  is  valid.  These  regions 
are  narked  with  two  arrows  in  each  plot.  Calculations  of  n  and  K  were  carried 
out  by  using  the  least-squares  method.  Results  so  obtained  agree  consistently 
with  those  values  obtained  graphically.  Values  of  n  and  K  are  also  presented 
in  Table  V,  There  is  reasonably  good  agreement  between  n  and  bmf.  The  fat¬ 
ness  of  the  stress-strain  curve  in  the  vicinity  of  the  meixlmum  load  point 
caused  some  uncertainty  in  determining  Bjni.  It  was  generally  c(»q)uted  from 
the  cross-sectional  area  when  the  load  started  decreasing. 
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Table  V.  Tensile  Properties  of  the  Srperlmental  Steels 
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Figure  2.  Log  Stress-Log  Strain  Plots  for  Steel  AISI  IfJliO  Heat  IVeated  to  Strength  Levels 
of  250,000  psl  6uid  275,000  psl.  Die  two  extreme  arrows  on  each  curve  Indicate 
the  region  irtiere  equation  a  ■  KB"  Is  valid. 
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Figure  3.  Selected  Experiiaental  Results  on  the  Variation  of  the 
Apparent  Strain  Hardening  Exponent  with  True  Strain 


B.  TORSZOR  TBSTS 


1.  Tbrslon  fliat  i^ipanituB 

Ibe  torsion  tost  was  conduetsd  in  a  specially  designed  torsion 
tester  as  shown  In  Figure  4.  Zhe  applied  torque  was  neasured  through  a  load 
cell  of  tubular  cross  section  on  idilch  four  A-7  type  wire  reslstamce  strain 
gages  were  mounted,  the  gages  were  positioned  at  an  angle  of  4^  to  the  axis 
of  the  tubular  section  and  were  connected  electrically  In  the  form  of  a 
Wheatstone  bridge  circuit  with  two  gages  In  tension  and  two  In  coiqireaslon 
as  the  torque  was  applied  to  the  load  cell.  The  change  In  resistance  occur¬ 
ring  In  the  strain  gage  was  measured  by  a  "DIOltAL  STRAIN  ZNDICATOR”  which 
was  shown  In  the  right-hand  side  of  the  torsion  ^iparatus  In  Figure  4.  The 
load  cell  was  calibrated  against  a  set  of  known  dead  weie^ts  and  a  predeter¬ 
mined  lever  arm,  Ihe  output  (strain  on  the  Indicator)  was  found  to  be  linear 
with  applied  torque  as  presented  In  Figure  5  and  the  calibration  curve  was 
reproducible  to  within  0.5  par  cent. 

Torque  transmlBsion  was  siqpplied  by  a  1750  rpm,  ^  bp  electric  motor 
lAlch  drove  a  200:1  reductor  idilch  in  turn  drove  a  600:1  reductor.  The  mova¬ 
ble  base  of  the  electric  motor  with  this  particular  coiid)inatlon  of  motor  and 
redactors  permitted  a  range  of  strain  rates  tram  0.054  inch  to  0.105  (min)~^. 


2.  Preparation  of  Torsion  Specimens 

Three  to  five  specimens  of  each  steel  of  each  strength  level  estab¬ 
lished  In  the  tension  test  were  studied  in  order  to  obtain  good  reproducible 
values  of  the  measurements  to  be  correlated.  A  sketch  of  the  specimen  is 
given  In  Figure  6.  The  processing  and  beat-treatment  procedures  used  In  pre- 
psuring  torsion  specimens  were  essentially  the  sasie  as  those  used  in  making 
tension  qwclmens  as  given  in  Thble  IV,  except  that  each  torsion  specimen 
after  stress  relief  was  finished  by  polishing  with  5-Biicron  diamond  dust 
throughout  the  gage  length.  The  uniformity  of  diameter  within  the  gage 
length  was  Important  because  It  was  necessary  to  detect  the  onset  of  local¬ 
ised  deformation  and  its  further  development  employing  a  surf  Me  replica 
technique  (7). 


5.  Method  of  Testing 

An  optical  microscope  set  at  lOOX  was  erected  above  the  specimen 
and  used  as  a  device  to  detect  the  onset  of  localised  deformation  or  the 
change  from  uniform  plastic  deformation  to  localized  plastic  defoimation. 
The  test  was  conducted  continuously  to  fracture.  The  preliminary  torque 
twist  data  were  obtained  in  such  a  manner  that  within  the  elastic  range, 
readings  on  the  strain  indicator  were  recorded  at  each  increment  of  angle 
of  twist  of  one  degree.  After  reaching  the  yield  point,  torque  readings 
were  recorded  at  every  two  degrees  of  angle  of  twist.  At  the  same  time  the 
surface  of  the  specimen  was  examined  along  the  gage  length  with  the  optical 
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Figure  6.  Sketch  of  the  Torsion  ^eciniGn 


microscope.  It  vas  found  that  snail  flow  figures  resembling  Luders'  lines 
(8,  9)  appeared  on  the  polished  surface  and  then  distributed  themselves 
evenly  along  the  gage  length.  As  straining  continued,  the  flow  figures 
ususLlly  propagated  in  a  transverse  direction  and  the  appearance  of  the  flow 
figures  became  intensified.  The  first  manifestation  of  a  localized  defor¬ 
mation  zone  vas  detected  by  the  coalesence  of  these  flow  figures  to  such 
an  extent  that  the  localized  zone  could  be  recognized  easily  by  the  optical 
microscope.  Also  It  appeared  that  the  specimen  had  a  localized  deformation 
zone  as  described  by  Polakovskl  (lO).  Ihe  strain  in  this  stage  vas  recorded 
cmd  referred  to  as  the  amount  of  uniform  strain  or  instability  strain  in 
torsion.  After  the  onset  of  localized  deformation  the  zone  generally  ex¬ 
panded  longitudinally  by  coalesence  of  more  of  these  flow  figures.  In  some 
specimens,  the  localized  deformation  zone  which  was  first  initiated  during 
the  onset  stage  would  stop  expanding.  A  second  localized  deformation  zone 
was  then  initiated  preceded  by  a  sli^t  drop  of  load  (2  In-lbs  to  6  in-lbs), 
after  which  the  expansion  of  the  locsLlized  deformation  zone  resumed  its 
usual  manner  with  a  slight  increase  of  load  as  twist  continued.  The  forma¬ 
tion  of  localized  deformation  zones  is  well  illustrated  in  Figure  7  in  which 
specimen  F3  represents  its  onset  stage.  Specimen  0  shows  the  specimen  before 
testing.  The  length  of  expansion  of  the  localized  deformation  zone  which 
varied  with  the  grade  of  steel  is  illustrated  by  the  rest  of  the  specimens 
in  the  same  figure. 


4.  Results  and  Discussions 

In  the  construction  of  shear  stress-strain  curves  for  each  steel 
tested,  the  analytical  treatment  of  torque-twist  data  described  by  Nadai  (ll) 
vas  used.  The  torque-twist  curve  M  ■  f(9)  was  drawn  from  the  initial  torque- 
twist  data  taken  during  the  test.  The  final  shear  stress-strain  curve  T  ■  f(7) 
may  be  determined  from  the  equation 


Mer* 


(5) 


where  M  represents  applied  torque;  9  is  the  angle  of  twist  of  the  specimen 
per  unit  length;  7  denotes  shear  strain,  and  7^^  is  the  shear  strain  where 
the  radius  of  the  specimen  equals  a.  The  right  side  of  the  equation  (3)  is 
a  function  of  the  upper  limit  7„  and  since  7^^  ■  a9,  it  is  also  a  function  of 
0.  After  differentiating  (3)  with  respect  to  0  the  following  equation  yields 


T 


a 


0  ^  +  3M 
d0 


(M 


nils  equation  serves  for  determining  the  shear  stress-strain  curve  t  «  f(y) 
of  a  round  bar  if  the  torque-twist  curve  M  ■  f(0)  was  obtained  in  the  torsion 
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Figure  7.  The  Onset  and  Expansion  Stage 
of  Localised  Deformation  Zone 
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test,  inie  computation  of  shear  stress  is  finally  obtained  by  drawing  the 
tangents  to  the  torque-twist  curve  and  measuring  the  Intercept  of  the  tangent 
to  the  torque  ordinate  (12),  Since  the  graphical  solution  described  above 
was  a  very  slow  and  laborious  process  and  also  Involved  the  introduction  of 
additional  errors  by  determining  the  slope  iH/AB,  a  numerical  method  which 
would  both  accelerate  the  processing  of  the  data  and  assure  the  highest 
accuracy  of  the  derived  quantities  was  developed.  The  numerical  method 
which  was  used  in  constructing  the  shear  stress-strain  curves  was  initially 
suggested  by  Professor  Paul  A.  Graham  of  the  Department  of  Engineering 
Mechanics  of  the  Ohio  State  University.  The  preliminary  torque-twist  data 
are  processed  in  a  computer  from  which  the  final  shear  stress-strain  data 
are  obtained.  The  construction  of  shear  stress-shear  strain  curves  was  com¬ 
pleted  by  means  of  an  automatic  plotter.  Typical  shear  stress-shear  strain 
diagrams  are  presented  in  Figure  8.  In  each  figure,  two  additional  shear 
stress-shear  strain  curves  corresponding  to  the  two  strength  levels  were 
drawn  from  the  tensile  flow  curves  converted  to  the  stress  stats  of  torsion. 
Die  conversion  of  tensile  data  to  shear  stress-shear  strain  values  was  made 
by  using  the  significant  stress  and  significant  strain  relationships,  from 
which  the  following  equations  result: 


7c  =  >^5  Ei  (6) 


where  Tc  and  are  the  converted  shear  stress  and  shear  strain;  Oi  and 
are  the  true  stress  and  true  strain  in  simple  tension.  The  true-stress  values 
beyond  the  maximum  load  point  were  corrected  for  the  triaxlal  state  of  stress 
by  using  Siebel's  formula  (15)-  Ibe  corrected  true  stress  was  then  substi¬ 
tuted  in  equation  (5), 

Since  the  use  of  a  numerical  method  in  treating  torsion  data  was 
essentially  based  on  the  derivative  quantities  of  the  experimental  data,  any 
minor  fluctuation  of  the  load  experienced  in  the  preliminary  torque -twist 
data  would  be  magnified  in  the  final  shear  stress-shear  strain  curves  as 
shown  in  Figure  8.  The  peak  regions  in  the  shear  stress-strain  curve  b4 
usually  correspond  to  a  jump  of  the  preliminary  torque-twist  plot  as  shown 
under  those  shear  stress-strain  curves  in  the  ssuue  fig-ure.  This  jump  of 
load  in  most  specimens  corresponds  to  initiation  of  a  new  localized  defor¬ 
mation  zone  accompanied  by  a  minor  fluctuation  of  the  load.  It  is  likely 
that  the  weak  regions  of  the  specimen  induced  either  by  the  chemical  inhomo- 
genelty  in  the  steel  or  the  structural  discontinuity  introduced  by  the  heat 
treatment  are  the  main  causes  of  the  fluctuation  of  the  load.  Various  pat¬ 
terns  of  the  expansion  of  the  localized  deformation  zones  as  shown  in  Figure  { 
have  shown  that  expansion  at  both  ends  of  the  localized  deforniation  zone  was 
favorable.  Examination  with  the  microscope  revealed  that  the  coalescence  of 
flow  figures  is  related  to  the  expansion  of  the  localized  defor.-nation  zone. 
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The  onset  of  fracture  can  occur  In  any  expansion  pattern  of  the  localized 
deformation  zone  as  given  in  Figure  7*  Evidently  the  total  amount  of  plastic 
strain  in  torsion  can  he  varied  enormously  frcan  steel  to  steel.  Throughout 
the  test,  fracture  always  initiates  at  the  front  of  the  advancing  localized 
defoimation  zone  as  shown  in  Figure  9  (see  arrow). 

Two  representative  torsion  test  parameters  were  selected  on  a  basis 
of  reproducibility.  These  are  the  amount  of  uniform  strain  prior  to  the  on¬ 
set  of  localized  deformation  zone  and  the  total  plastic  strain  to  fracture. 

The  experimental  results  of  the  two  representative  parameters  are  shown  In 
Table  VI.  By  consideration  of  the  table,  it  Is  apparent  that  some  of  the 
results  are  hardly  reproducible  in  their  total  aunount  of  plastic  strain  to 
fracture.  This  Inconsistency  became  worse  In  the  specimens  of  lower  strength 
levels.  Outstanding  examples  are  specimens  Alli^,  Al^,  C12,  C13,  CV12,  and  CV13. 
Thus,  the  length  of  the  expanded  localized  deformation  zone  can  be  varied  to 
a  great  extent  In  the  same  steel  beat  treated  to  the  same  strength  level. 

This  inconsistency  suggests  that  material  discontinuity  induced  either  by 
variation  of  chemistry  or  the  processing  of  the  steel  can  be  related  to  the 
length  of  localized  deformation  zone  or  the  total  plastic  strain.  The  results 
given  in  Table  VI  revealed  also  the  fact  that  specimens  of  lower  strength  level 
tend  to  develop  a  larger  range  of  localized  deformation  zone  as  compared  with 
those  In  the  high  strength  level. 

Although  the  exact  conditions  under  which  fluctuations  of  the  load 
were  produced  are  not  quite  clear,  there  is  little  doubt  they  are  a  manifesta¬ 
tion  of  strain  hardening  characteristics  of  the  steels  tested. 

The  shift  of  the  localized  deformation  zone  as  shown  in  Figure  7, 
specimen  F3,  was  always  preceded  by  a  decreasing  of  the  load,  normally  about 
2  Inch-lb  to  6  Inch-lb  depending  upon  the  grade  of  steel.  As  soon  as  the 
newly  emerged  localized  deformation  zone  became  visible,  the  load  first  re¬ 
sumed  its  original  value  and  then  increased  to  a  higher  load  (about  5  in-lb 
more).  This  sort  of  fluctuation  of  the  load  was  first  found  in  mild  steel 
in  tension  tests.  Elam  (lU)  observed  similar  fluctuations  of  the  load  in  a 
quenched  aluminum  alloy.  She  found  that  fluctuation  of  the  load  started  after 
a  certain  strain  was  reached.  At  the  same  time  the  bar  became  uneven,  proving 
that  the  yielding  under  these  circumstances  progressed  in  steps  through  the 
formation  of  discrete  slip  bands  during  each  fluctuation  of  the  load.  In 
torsion,  similar  phenomena  have  also  been  observed  by  Polakowski  (lO)  in  cold- 
drawn  copper,  iron,  and  some  of  their  alloys  as  well  as  quenched  and  tempered 
AISI  4340  steel. 

In  order  to  classify  the  results  conveniently,  the  experimental 
steels  which  have  exhibited  such  a  fluctuation  of  the  load  accompanied  by  a 
visible  localized  deformation  zone  as  shown  in  Figure  10  are  referred  to  as 
class  A.  Since  the  plastic  instability  in  torsion  is  defined  as  the  change 
of  uniform  plastic  deformation  to  localized  plastic  deformation,  class  A  has 
the  characteristics  of  discernible  instability.  Steels  AISI  4340,  D6AC, 

Hy-Tuf  heat  treated  to  both  strength  levels  and  ^tc-2  heat  treated  to  lower 
strength  level  belong  to  this  category.  No  recognizable  localized  deforma¬ 
tion  zone  has  been  observed  in  steel  H-11  at  both  strength  levels.  After 
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Figure  9-  Typical  Shear  Mode  Fracture 
of  the  Torsion  Specimen 
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Table  VI.  Torsion  Properties  of  Ibcperlmental  Steels 


Test 

Specimen 

Tensile  Strength 
Level 

(pal) 

^0.01 

(psl) 

’'u 

(in/in) 

’'t 

(in/in) 

a8 

270,400 

151,800 

0.097 

0.348 

A9 

270,400 

151,400 

0.099 

0.332 

Al4 

249,200 

140,000 

0.111 

0.609 

A15 

249,200 

141,000 

0.128 

0.998 

b4 

272,300 

151,500 

0.651 

0.893 

B5 

272,300 

153,500 

0.674 

0.873 

Bll 

245,200 

134,200 

0.705 

1.144 

B15 

245,200 

135,000 

0.705 

1.055 

C2 

278,900 

160,500 

0.115 

0.151 

C3 

278,900 

165,000 

0.112 

0.16^ 

C12 

245,200 

153,500 

0.148 

0.462 

C15 

245,200 

152,700 

0.125 

0.1('5 

CVl 

279,200 

164,200 

0.104 

0.190 

CV3 

2  ('9,200 

164,000 

0.135 

0.203 

CV12 

246,100 

150,  roo 

0.138 

0.910 

CV13 

246,100 

154,700 

0.138 

0.428 

d4 

279,400 

151,200 

0.705 

0.('05 

D5 

279,400 

151,000 

0.909 

0.909 

D15 

245,400 

154,800 

0.  ('76 

0.7F6 

D16 

245,400 

157,500 

0.707 

0.707 

DVJt- 

278,600  • 

160,600 

0.555 

0.556 

DV5 

278,600 

156,800 

0.545 

0.545 

DV14 

245,900 

159,600 

0.669 

0.689 

DV16 

245,900 

l4l,000 

0.550 

0.530 

e4 

279,400 

157,000 

0.276 

0.420 

E6 

279,400 

159,500 

0.284 

0.446 

E15 

246,100 

l4l,600 

0.552 

0.63i' 

El6 

246,100 

144,300 

0.552 

0.522 

EV4 

279,100 

160,000 

0.268 

0.554 

EV6 

279,100 

156,000 

0.258 

0.443 

EV15 

246,800 

145,600 

0.2, '5 

0.375 

EV16 

246,800 

145,000 

0.266 

0.455 

F2 

270,800 

156,000 

0.415 

0.445 

F3 

270,800 

159,600 

0.411 

.  0.452 

F12 

246,300 

155,000 

O.4o4 

0.634 

F13 

246,300 

136,000 

0.4o7 

0.619 

Definition  of  symbols: 


Tq^CI  “  shear  stress  at  shear  strain  0.01. 

=  uniform  shear  strain  at  which  localized 
deformation  occurs. 

7+  =  total  shear  strain. 
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Figure  10.  Class  A  -  Discernible  Instability  Bxibibited  in 
Steels  AISI  43k),  D6a,  d6AC,  Hy-liif  at  Both 
Strength  Levels  and  Mx-2  at  Lower  Strength  Level 
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yitlUng,  the  deformed  region  of  this  grsde  of  steel  assumed  a  cloudy 
appearance  In  which  flow  figures  were  developed  evenly  along  the  gags  length 
as  can  be  seen  in  Figure  11  with  the  unstrained  specimen  0  shown  at  the  top. 

A  particularly  interesting  observation  in  testing  of  this  grade  of  steel  was 
that  no  appreciable  fluctuation  of  the  load  was  observed.  By  conparlng  the 
strain-hardening  exponents  as  given  In  ftble  V,  steel  H-U  has  a  smaller 
value  than  those  steels  pertinent  to  class  A.  For  the  time  being,  this  par¬ 
ticular  mode  of  plastic  behavior  typified  by  a  vague  manner  of  Instability 
phenomenon  is  referred  to  as  class  B. 

In  steels  30OM  at  both  strength  levels  and  Mc-2  at  high  strength 
level,  the  behavior  of  class  A  was  observed.  However,  as  soon  as  the  speci¬ 
men  started  to  yield,  the  polished  surface  of  the  deformed  specimen  usually 
assumed  a  fog-like  appearance.  It  consisted  essentially  of  small  flow  figures 
spread  evenly  along  the  gage  length.  The  onset  of  localized  deformation  was 
still  recognized  as  a  coalescence  of  the  flow  figures,  but  the  visibility  of 
the  onset  of  localized  deformation  zone  and  its  further  expansion  stage  were 
much  weaker  than  those  exhibited  in  class  A.  This  faintly  appearing  localized 
defoznation  zone  with  the  typical  plastic  instability  phenomenon  as  class  A 
is  regarded  as  class  C.  It  has  the  characteristic  of  semi -discernible  type 
of  plastic  instability  as  shown  in  Figure  12. 

In  steel  D6A  at  both  strength  levels,  none  of  the  specimens  broke 
in  the  usual  manner  with  a  shear  mode  fracture  as  shown  in  Figure  ^ey 
all  broke  in  a  brittle  manner  with  hellxlal  type  of  fracture,  as  described 
by  Ross  (1^)  and  demonstrated  in  Figure  13.  Die  onset  of  localized  defor¬ 
mation  zone  was  still  observable,  but  the  extent  of  its  expansion  stage  was 
largely  reduced.  It  seemed  that  the  stringer  type  Inclusions  found  in  the 
longitudinal  direction  of  the  specimen  had  a  remarkable  effect  upon  both  the 
total,  amount  of  plastic  strain  and  the  mode  of  fracture. 

As  the  fluctuation  of  the  load  generally  results  in  a  successive 
Increase  of  the  load  during  expansion  of  the  localized  plastic  deformation, 
it  is  apparent  that  this  manifestation  of  Increasing  load  can  be  related  to 
the  strain-hardening  effects  of  the  steels.  Hius,  the  steels  in  class  A  and 
class  C  which  have  displayed  a  typical  fluctuation  phenomenon  of  the  load  are 
supposed  to  experience  a  higher  work-hardening  rate  or  a  higher  strain- 
hardening  exponent  as  compared  with  steels  in  class  B.  IMs  conclusion 
appears  in  good  agreement  with  experimental  results.  But,  when  correlating 
strain-hardening  exponents  to  the  instability  phenomena  in  torsion,  the 
above  statement  seems  Inadequate  to  explain  that  steels  with  higher  strain- 
hardening  exponents  are  moit  susceptible  to  Instability  phenomena  as  com¬ 
pared  with  steels  in  class  '2-.  ‘Hiis  inconsistency  can  be  attributed  to  the 
high  alloy  content  permitting  the  use  of  higher  teoqpering  temperatures  for 
the  steels  in  dess  B.  Because  the  steels  exhibiting  a  discernible  insta¬ 
bility  as  shown  in  class  A  are  usually  tempered  at  a  comparatively  low 
tenqperature ,  it  is  likely  that  the  instability  phenomena  in  torsion  are 
related  to  the  tempering  temperature  used  to  attain  such  high  strength 
level  in  those  steels.  As  the  function  of  tempering  is  essentially  to  re¬ 
duce  the  residual  stresses  set  up  in  quenching,  it  seems  that  the  incomplete 
removal  of  residual  stresses  has  considerable  effect  on  the  susceptibility 
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Figure  11.  Class  B  -  Vague  Instability  (No  discernible 
localized  defoniBtlon  zone  vas  detected  In 
steel  H-U  at  both  strength  levels) 


Figure  12.  Class  C  -  Semi-DlBcernlble  Instability 
Observed  in  Steel  JOOM  at  Both  Strength 
levels  anl  Mic-2  at  High  Strength  Level 
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to  localized  plastic  deformation.  It  seems  true  that  a  low  teiiperlns  temper¬ 
ature  favors  the  Instability  phenomena  In  torsion. 

A  comparison  of  the  Instability  parameters  obtained  both  In  torsion 
tests  was  made.  The  converted  shear  stress  and  strain  at  which  tensile  in¬ 
stability  occurs  and  the  related  shear  stress-shear  strain  data  in  torsion 
are  given  in  Table  VII.  As  the  condition  of  plastic  flow  depends  mainly  on 
the  state  of  stress,  a  metal  Is  expected  to  behave  In  a  more  ductile  manner 
in  torsion  than  that  In  tension  (16).  this  dependency  of  state  of  stress  on 
plastic  behavior  is  well  demonstrated  In  Table  VII.  The  plastic  strain  for 
the  onset  of  instability  in  torsion  is  found  to  be  considerably  larger  (2-5 
times)  as  compared  with  those  in  tension.  The  stresses  at  which  tensile  in¬ 
stabilities  occur  are  also  given  in  the  table.  These  instability  stresses 
were  determined  by  dividing  the  maximum  load  with  the  area  obtained  when  the 
load  started  dropping.  As  it  can  be  seen  readily  from  the  table,  they  are 
identical  to  the  stresses  at  maximum  load  point.  But  in  torsion,  instability 
usually  occurs  before  reaching  the  maximum  torque.  Ihe  instability  stress  in 
torsion  is  generally  2.3^  less  than  the  stress  at  maximum  torque.  And  also, 
the  instability  strain  and  strain  at  maximum  torque  vary  considerably  as  can 
be  seen  in  Thble  VII.  Thus,  the  conditions  for  instability  derived  basically 
from  maximum  load  criterion  are  hardly  valid  for  a  meted.llc  bar  subjected  to 
torsional  loading.  In  tension,  a  maximum  in  the  load  occurs  because  of  the 
phenomenon  of  necking  down,  and  the  highly  localized  deformation  is  developed 
under  such  a  circumstance  that  the  rate  of  Increase  of  stress  due  to  strain 
hardening  becomes  gradually  smaller  than  the  rate  of  increase  of  stress  due 
to  the  decrease  of  cross-sectional  area.  In  torsion,  experimental  results 
have  8ho«m  that  the  localized  plastic  deformation  usually  occurs  before 
reaching  the  maximum  torque  and  the  strain  at  maximum  torque  is  larger  than 
its  instability  strain  except  H-11  which  exhibited  no  localized  deformation 
zone.  Since  there  is  no  geometric  effect  in  torsion  such  as  the  necking 
phenomenon  in  tension,  the  maximum  torque  is  reached  only  by  strain-hardening 
and  work-softening  effects  in  the  steel.  It  should  be  noted  also  that  the 
maximum  shear  stress  occurred  on  the  surface  and  the  steep  strain  gradient 
present  in  the  torsion  specimen  may  contribute  to  the  plastic  instability 
phenomena  exhibited  in  torsion  specimen.  However,  the  similarity  of  insta¬ 
bility  phenomena  occurring  in  these  two  types  of  tests  provides  a  common 
definition  of  instability  as  the  change  of  uniform  plastic  deformation  to 
localized  plastic  deformation.  It  is  based  upon  this  condition  that  the 
correlation  was  made.  Further  correlation  analysis  of  the  instability 
strains  was  made  by  plotting  the  instability  strain  in  torsion  versus  con¬ 
verted  instability  strain  from  tension  as  given  in  Figure  ih  and  Figure  15. 
Evidently,  no  definite  trend  can  be  discerned  from  the  considerable  scattering 
of  points.  Results  of  the  correlation  analysis  have  shown  that  the  correla¬ 
tion  coefficient  for  high  strength  level  is  0.513  and  its  standard  deviation 
is  0.299;  Tor  lower  strength  level  the  correlation  coefficient  is  0.5^9  and 
its  standard  deviation  is  0.252.  It  appears  that  there  is  no  significant 
correlation  between  the  instability  strain  in  tension  and  the  instability 
strain  in  torsion  based  on  the  correlation  coefficients  obtained. 

The  extent  of  the  expansion  of  localized  deformation  zone  that  a 
torsion  specimen  withstands  prior  to  failure  can  be  related  to  a  manifestation 
of  fracture  toughness.  These  values  are  obtained  by  the  deduction  of  the 
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Instability  Strain  at  Strength  Level  of  250,000  psi 


Instability  strains  from  total  plastic  strains.  Hius  the  experimental 
steels,  tempered  to  a  lower  strenjjth  level  which  mlnta;' ns  a  lar.-'er  extent 
of  localized  deformation  zone,  are  superior  to  the  same  steel  heat  treated 
to  the  higher  strength  levels. 

The  shear  strain  at  onset  of  localized  flow  (yins)  is  re.-arded  as 
the  parameter  Indicative  as  the  resistance  to  fracture  initiation.  Txie  total 
ductility  (y.^)  is  deceptive  because  beyond  y'ns>  ‘'•-‘cn  of  ti.e  flow  is  local¬ 
ized  in  bands.  A  measure  of  the  strength  of  the  instability  is  taken  as 
yt~yins<  the  larger  this  value,  the  weaker  the  instability.  Tnese  parar.etcrs 
are  listed  in  Table  VIII  in  decreasing  order  of  yins  both  strength  levels. 
The  strength  of  the  instability  (yt-yins)  ''ot  vary  in  the  same  order. 

AISl  4340,  for  example,  has  the  lowest  yins  tut  the  weakest  instability.  Ti:e 
effect  of  lowering  the  strength  level  is  to  increase  and  to  weaken  the 
instabilities.  The  H-11  steel  produced  no  localized  flow  at  these  two  strength 
levels. 


5.  Riotographlc  Study  of  Localized 
Deformation  in  Torsion 

Further  study  of  the  nature  of  instability  in  torsion  was  made 
using  surface  replica  techniques.  It  Involves  the  use  of  cellulose  acetate 
replication  tape,  which  is  softened  on  one  side  by  acetone  solvent.  The 
softened  side  of  the  tape  is  then  brought  into  inti.^.ate  contact  with  the 
locailized  deformation  zone  on  the  surface  of  the  torsion  specimen.  After 
the  solvent  has  completely  evaporated,  about  %  seconds,  the  tape  is  strii>ped 
off  and  is  ready  for  microscopic  observation,  since  shadowin'  is  innecessary. 
For  best  results,  one  has  to  locate  at  a  low  uagnification  (15^  X)  that  por¬ 
tion  of  the  replica  which  is  an  exact  reproduction  of  the  contour  of  the 
specimen  surface,  and  out  off  that  part  of  the  replica.  :ext,  a  drop  of 
acetone  is  put  on  the  glass  slide  and  that  portion  of  the  replica  with  the 
blank  Is  affixed  to  the  slide.  'CTiis  slide  is  then  otser>/ed  at  high  ta  ’.r.ifi- 
cation. 


In  each  steel  at  each  strenigth  level  there  are  -enerally  four  pic¬ 
tures  Illustrating  the  particular  stage  of  developi-ient  of  the  localized  de¬ 
formation  zone.  Hie  first  picture,  for  example,  Figure  lia,  shows  the  onset 
of  localized  plastic  deformation.  It  reveals  the  highly  localized  deforLAtion 
zone  surrounded  by  the  uniformly  deformed  zones.  The  zones  of  localized  flow 
develop  in  planes  perpendicular  to  the  axis  of  tiie  speci.-;:en  and  are  observed 
to  expand  in  the  direction  of  the  axis. 

The  second  picture,  for  example,  Figure  lob,  represents  the  expan¬ 
sion  stage  of  the  localized  defornation  zone  as  strain  was  Increased  to  a 
value  between  yjns  ^  7t*  As  plastic  strain  propagates,  flow  figures  in  the 
concentrated  deformation  zone  became  more  random.  Slip  bands  in  some  pictures 
can  also  be  observed. 

The  third  picture,  for  example,  Figure  l6c,  reveals  the  propagation 
of  a  crack  initiated  by  the  localized  plastic  flow.  The  replicas  were  made 
Just  before  the  specimen  broke.  Highly  concentrated  plastic  flow  is  readily 
seen  at  the  tip  of  the  propagated  crack  which  occurs  usually  at  the  advancing 
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Wbl*  VIIZ.  Coi^)uri»efa  of  tb*  AqporlMntal  Stools  Buol 
tq^n  tbo  Suoeoptlblllty  to  Crook  Initiation 
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Figure  l6a.  Ihe  Onset  Stage  of  the  Localized  Deformation  Zone 
in  Steel  !SOOM  at  the  Strength  Level  of  273,000  psl 
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Figure  l6b.  Ibe  Expansion  State  of  the  Localized  Plastic 
Deformation  Zone  at  Strain  Value  0.724 
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Figure  l6c.  The  Fracture  Stage  of  the  Localized 
Plastic  Flow  at  Strain  Value  O.873 
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front  of  the  localized  deformation  zone.  Besides,  the  picture  also  shows  the 
site  of  intense  surface  disturbance  and  the  coi!q;>lex  slip  with  the  consequent 
turbulent  flow  patterns  at  the  tip  of  the  propagated  crack.  The  disturbance 
took  the  form  of  sharply  defined  corrugations  or  ridges  and  grooves.  Instead 
of  expansion  of  the  localized  deformation  zone,  the  propagation  of  a  running 
crack  under  the  influence  of  stored  elastic  energy  occurs  during  this  stage. 


6.  Conclusions 

The  classical  maximum  load  criterion  for  onset  of  plastic  insta¬ 
bility  in  simple  tension  appears  to  be  invalid  for  a  round  steel  bar  subjec¬ 
ted  to  a  torsional  loading,  because  the  conditions  leading  to  such  a  maximum 
load  in  these  two  types  of  teste  are  quite  different.  In  tension  the  maximum 
load  is  reached  at  about  the  same  time  as  necking  begins.  It  is  the  geo¬ 
metric  effect  of  necking  that  produces  a  maximum  load  phenomenon.  In  torsion, 
no  geometric  effect  like  necking  which  introduces  a  trlaxlal  state  of  stress 
is  encountered.  Tbe  maximum  load  is  reached  simply  because  of  the  strengthen¬ 
ing  effects  and  work  softening  effects  induced  by  plastic  deformation.  Experi¬ 
mental  results  have  shown  that  the  plastic  strain  at  which  instability  occurs 
in  orsion  is  larger  (2-3  times)  than  the  instability  strain  in  tension.  This 
difference  may  be  attributed  to  the  geometric  effect  of  necking  produced  in 
tension  and  the  steep  stress  and  strain  gradient  existing  in  torsion  bars. 

It  seems  that  the  amount  of  uniform  strain  prior  to  instability  depends  mainly 
upon  the  method  of  loading. 

The  cause  of  the  exhibition  of  localized  plastic  deformation  asso¬ 
ciated  with  a  minor  fluctuation  of  the  load  is  related  to  structural  discon¬ 
tinuity  produced  either  by  the  variation  of  chemistry  in  the  steel  or  the 
heat  treatment  employed.  The  fluctuation  of  the  load  observed  in  the  torsion 
test  has  revealed  that  steels  with  high  strain  hardening  exponents  generally 
are  more  susceptible  to  this  phencmenon.  This  indicates  that  the  fluctuation 
of  the  load  is  a  manifestation  of  some  strain-hardening  characteristics  in 
the  experimental  steels.  Results  have  also  shown  that  high  alloy  content 
permitting  the  use  of  high  tempering  temperatures  tends  to  retard  both  the 
plastic  instability  and  load  fluctuation  phenomenon  as  seen  in  Steel  H-11. 
nie  instability  strain  in  torsion,  which  can  be  regarded  as  the  relative 
ability  to  withstand  ductile  crack  initiation,  is  a  convenient  measure  for 
screening  the  steels  investigated.  The  relationship  of  this  parameter  to 
other  criteria  of  susceptibility  to  crack  initiation  has  yet  to  be  established. 


C.  BEND  TESTING 

1.  Introduction 

The  torsion  testing  of  the  selected  steels  has  provided  an  indica¬ 
tion  of  the  relative  susceptibilities  of  these  steels  to  crack  Initiation. 

In  order  to  complete  the  study  of  the  fracture  characteristics  of  these 
steels,  bend  testing  of  standard  Charpy  "V"  notch  bars  was  undertaken.  The  ' 
objectives  of  this  particular  testing  prog;*affl  are  the  measurement  of  the  so- 
called  critical  energy  release  rate,  the  propagation  energy  of  brittle  frac¬ 
ture  and,  also,  the  correlation  of  these  quantities  with  the  microstructure. 
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The  experlawntal  epparatue  (tea  Flfure  17)  being  ueed  in  thla 
program  ie  similar  to  that  devised  by  Bblmslevloh  (17).  Its  basic  featiires 
are  a  loading  shaft  which  transmits  the  force  to  the  specimen  and  a  set  of 
Belleville  plate  springs  idilch  supply  energy  to  the  specimen  as  It  deforms. 
Uhls  apparatus  is  attached  to  the  moving  head  of  a  Tinlud-Olsen  testing 
machine  of  60,000  pound  capacity.  A  more  dstailed  analysis  of  this  appara> 
tus  is  given  later  In  the  report> 

This  report  contains  the  results  of  the  initial  phase  of  the  pro¬ 
gram.  Oie  primary  objective  of  the  preliminary  axperlments  has  been  to 
determine  whether  or  not  meaningful  and  significant  results  can  be  obtained 
from  the  type  of  test  eqployed  by  Shlmelevlch.  'Rie  experimental  features 
of  the  bend  test  have  been  investigated  and  a  satisfactory  procedure  devel¬ 
oped  to  furnish  the  desired  Information.  However,  before  con^iaratlvt;  studies 
of  the  steels  can  be  made,  this  method  of  testing  must  undergo  further 
critical  examination. 


2.  Development  of  the  Bend  Itest 

The  relative  susceptibilities  of  the  experimental  steels  to  crack 
initiation  have  been  Investigated  by  torsion  testing.  Therefore,  one  would 
like  to  obtain  from  the  bend  testing  a  comparison  of  the  steels  with  respect 
to  the  other  stages  in  the  brittle  fracture  process,  namely,  acceleration  of 
the  slowly  growing  crack  to  a  certain  critical  speed  and  the  propagation  of 
this  crack  at  speeds  which  are  a  large  fraction  of  the  speed  of  sound  (id). 
The  acceleration  of  a  slowly  propagating  crack  may  be  associated  with  a  cer¬ 
tain  critical  strain  energy  release  rate.  Therefore,  a  conparlson  of  the 
steels  with  respect  to  this  stage  in  the  fracture  process  arc  made  here  by 
coBg>arlng  their  critical  strain  energy  release  rates.  In  addition,  the 
measurement  of  the  energy  required  for  crack  propagation  should  complete 
the  characterization  of  the  selected  steels  with  respect  to  their  propensity 
toward  brltile  fracture. 

Since  this  is  indeed  bilttle  fracture  which  is  being  investigated 
and  moreover  only  the  latter  two  stages  of  the  phenomenon,  all  shear  elements 
must  be  eliminate  from  the  fracture  process.  'Hi#  nucleation  stage  of  frac¬ 
ture  must  be  mode  a  non-controlling  factor.  This  was  acconplished  by  the 
use  of  a  brittle  case  produced  by  liquid  carburising  in  a  cyanide  bath.(l9) 
and  the  use  of  distilled  water  as  a  crack  nucleating  agent. 

It  was  found  upon  continuous  loading  of  case  hardened  specimens, 
with  or  without  distilled  water,  that  cracking  occurred  in  the  case  and  was 
blunted  upon  entering  the  matrix.  Failure  of  the  specimens  would  not  occur 
until  higher  loads  were  imposed.  The  failure  process  consisted,  in  general, 
of  a  slow  growth  and  rapid  propagation  stage.  However,  since  the  energy 
which  must  be  stored  in  the  system  for  acceleration  of  the  crack  was  found 
to  be  greater  than  that  which  was  consumed  in  propagation  of  the  crack, 
measurements  of  the  energy  of  propagation  could  not  be  made.  The  excess 
energy  of  the  system  was  expended  as  vibrations  and  noise.  In  other  words, 
the  acceleration  stage  was  found  to  have  the  dominant  energy  requirement. 
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Figure  17.  Bend  Tbstlng  Apparatus 
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The  energy  stored  in  the  system  which  consists  of  specimen,  spring 
and  testing  machine  can  be  controlled,  however,  so  that  only  a  portion  of 
the  stored  energy  is  available  in  the  running  stage.  The  first  step  which 
must  be  taken  is  to  minimize  the  energy  contribution  of  the  testing  machine. 
Obviously,  the  stiffen  the  machine  and  the  lower  the  loads  necessary  for 
failure,  the  lower  the  energy  stored  in  the  machine.  The  highest  load  range 
was  used  since  the  movement  of  the  balance  head  is  a  minimum  for  a  given  load. 
The  use  of  Belleville  plate  springs  permitted  the  storing  of  large  amounts  of 
energy  at  relatively  low  loads. 

Crack  formatior.  in  the  case  prior  to  failure  upon  continuous  load¬ 
ing  was  utilized  as  a  means  of  pre-cracking.  After  pre-cracking  by  continuous 
loading,  the  applied  load  was  relaxed  and  then  set  at  a  prescribed  value  which 
was  lower  than  tnat  required  for  precracking.  Distilled  water  was  added  to  a 
Scotch  tape  well  fastened  about  the  notch  upon  reaching  the  static  load.  The 
distilled  water  greatly  aided  the  slow  growth  of  the  initial  crack  formed  by 
continuous  loading.  It  was  found  that,  using  the  above  testing  procedure, 
loads  on  the  order  of  1000  lbs.  were  sufficient  to  obtain  failure  in  the  ex¬ 
perimental  steels  tested  to  date  (H-11  and  Hy-Tuf  have  not  been  tested). 
Measurement  of  the  relative  displacement  of  the  balance  head  and  the  moving 
cross-heeul  of  the  testing  machine  showed  it  to  be  about  0.002^  inch.  This 
value  was  obtained  by  reading  the  dial  gage  between  the  moving  cross-head  and 
balance  head  before  and  after  failure,  the  difference  in  the  resuiings  giving 
the  deformation  of  the  machine.  The  approximate  energy  stored  in  the  machine 
may  be  calculated  as  follows: 

Work  (done  on  machine)  ■  Strain  Energy  (of  machine) 


Strain  Energy  »  i  (lOOO)  Q  — yP  ^  S'  0.1  ft-lb  (7) 


The  next  step  which  must  be  taken  to  perirdt  meaningful  measurement 
of  the  propagation  energy  of  the  specinens  is  to  control  the  energy  released 
at  onset  of  rapid  failure  in  order  that  an  essentially  noiseless,  vibration- 
less  fracture  be  obtained.  The  ideal  test  with  no  excess  energy  dissipated 
is  obviously  experimentally  difficult.  However,  by  controlling  the  position 
of  the  restraining  nut  (see  Figure  l8)  such  that  complete  relaxation  of  the 
spring  at  fracture  was  not  permitted,  it  was  possible  to  obtain  failures  with 
relatively  no  excess  energy.  The  noise  associated  with  fracture  was  an  in¬ 
significant  fraction  of  that  of  a  normal  tensile  test,  and  barely  audible  to 
the  unaided  ear. 

To  summarize,  the  testing  procedure  which  finally  was  adopted  is 
as  follows.  Heat-treated  specimens  in  the  form  of  standard  "V"  notch  charpy 
bars  are  loaded  continuously  either  until  the  clicking  associated  with  the 
initial  crack  in  the  case  is  heard  or  it  is  deemed  Inadvisable  to  continue 
loading  due  to  the  Increased  probability  of  the  occurrence  of  complete  failure. 
The  specimen  is  unloaded  and  reloaded  at  a  lower  load  which  is  deemed  suf¬ 
ficient  to  cause  static  failure.  Distilled  water  is  added  to  the  well  sur- 
founding  the  notch  when  the  static  load  is  reached.  Tne  restraining  nut  is 
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Figure  id.  Scbeaatlc  Illustration  of  Control  of  Energy  Released 
at  Fracture  by  Fosltlon  of  Restraining  Nut 


adjusted  so  that  only  a  slight  expansion  of  the  spring  can  occur  upon  failure. 
A  series  of  tests  at  different  loads  and  using  different  amounts  of  available 
energy  is  run  until  a  satisfactory  test  is  obtained,  nie  energy  expended  in 
the  slow  growth  and  rapid  propagation  stages  as  well  as  the  critical  strain 
energy  release  rate  are  measured  by  means  of  dial  gage  measurements  and  load 
measurements. 


3.  Energy  Calculations 

The  spring  used  as  a  source  of  potential  energy  for  the  experimental 
studied  to  date  has  been  a  series  configuration  of  sixteen  Belleville  plate 
springs.  The  spring  constant,  K,  of  this  configuration  was  determined  by 
applying  known  loads,  P,  and  measuring  the  associated  deflection,  x,  of  the 
spring  system;  K  is  given  by  the  equation 


K  -  P/x 


(8) 


Itae  potential  energy,  P.E.,  stored  in  the  spring  system  is  given  by 


P.E.  -  i 


(9) 


Neglecting  for  the  present  the  energy  stored  in  the  specimen  and 
considering  only  the  spring  system,  there  appears  to  be  at  least  two  methods 
of  obtaining  an  estimate  of  the  value  of  0  associated  with  the  onset  of  rapid 
fracture.  Hie  first  method  is  sioqily  to  compute  the  total  stored  energy  in 
the  spring  system  prior  to  rapid  fracture  and  divide  this  quantity  by  the 
here^tofore  unfractured  cross-sectional  area;  this  quantity  will  be  designated 
by  G.  As  explained  later,  an  estimate  of  the  unfractured  cross-sectional 
area  prior  to  rapid  fracture  can  be  obtained  by  microscopic  examination  of 
the  fracture  surface.  Hie  second  method  is  somewhat  more  complicated  but  it 
does  not  involve  taking  an  average  which  is  the  basis  of  the  first  method: 
this  quantity  is  designated  by  Gi.  It  is  assumed  that  the  length  of  the 
crack  propagated  during  the  slow  fracture  stage  is  a  linear  function  of  the 
displacement  of  the  spring  system  at  least  up  to  the  onset  of  rapid  fracture. 
This  relationship  is  shown  schematically  in  Figure  19.  At  the  onset  of  rapid 
fracture,  when  the  crack  increases  in  length  by  d(,  the  spring  system  relaxes 
by  an  eunount  dx.  Hie  energy  given  up  by  the  spring  system  is 


(10) 


Hie  energy  required  by  the  specimen  is 


dW  »  GilOdi 


(11) 


(t»M9U!)  x'uitit^S 
fiUl-KlS  U{  UOfttUdUMO 
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Figure  19.  Schematic  Diagram  Illustrating  Method  of  Calculating 


The  factor,  10,  is  sisply  the  width  of  the  CSiarpy  specimen  in  mlUimeters. 
Equating  (lO)  and  (ll),  there  results 


"lOC^^dx  *  G^10d(, 


(12) 


the  minus  sign  being  present  since  dx  is  negative  according  to  the  manner  in 
which  Figure  19  is  drawn.  Figure  19  yields  the  relationship 

dx  =  md|  (15) 

Substituting  equation  (13),  equation  (12),  and  solving  for  Gi  there  results 


G 


i 


~10“ 


(14) 


All  the  quantities  on  the  right  side  of  equation  (l4)  are  known  f'^r  any  given 
specimen. 


A  third  parameter  which  may  be  obtaljied  from  the  experimental  data 
is  the  propagation  energy  of  rapid  fracture,  G  .  G  is  definea  as  the 
available  energy  stored  in  the  spring  system  prior  to  rapid  fracture  divided 
by  the  total  fast-fracture  area. 

There  are  at  least  two  methods  (20,  2l)  described  in  the  literature 
for  calculating  the  value  of  G  associated  with  the  onset  of  rapid  fracture. 

It  must  be  emphasized  that  these  two  methods  which  will  be  reviewed  below 
consider  only  the  energy  stored  in  the  test  specimen  and  neglect  other  pos¬ 
sible  energy  sources  such  as  the  testing  machine.  Hie  mathematical  treat¬ 
ment  according  to  Wells  (20)  will  be  taken  up  first. 

Consider  a  slow  bend  specimen  of  unit  thickness  deeply  notched  in 
the  transverse  direction  leaving  a  ligament  depth,  ^  (Figure  20).  Most  of 
the  deformation  will  take  place  near  the  ligament.  Consequently,  an  elastic- 
plastic  hinge  is  formed  by  the  zone  of  the  ligament  which  is  attached  to 
almost  rigid  arms.  Wells  further  states:  "If  the  bend  angle  is  constant 
as  S,  is  reduced  by  fast  fracture,  it  then  follows  that  the  reaction  moment, 

M,  through  geometrical  similarity,  is  proportional  to  1^  (again  whether  plas¬ 
tic  or  elastic)  for  constant  bend  angle.  The  stored  energy,  W,  for  any  liga¬ 
ment  depth,  i,  is  then  given  by 


W  - 


2£o> 


(15) 
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P  ■  Load  Appliod  by  Tmsito  Mochino. 
L  s  Loading  Spaa 
y  ■  Ligamont  Oopth. 
d  «  Vortical  Oofloetion  of  Spoeimon. 


Figure  20. 


Model  According  to  Wells  for  Calculating  Rate 
of  Energy  Release  in  the  Propagation  of  a  Crack 
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iriMr*  1^  is  the  vslus  of  M  lAsn  I  •  to-  Under  the  conditions  of  neasurenent 
e  is  tbs  bend  angle  of  release  when  1^  is  removed  in  an  identical  specimen 
which  does  not  fracture." 

Continuing  with  Well's  treatment,  since  the  area  which  has  not  yet 
fractured,  A,  equals  the  product  of  /  and  the  thickness,  t,  where  t  ■  1  am 
the  following  is  also  true. 


A  ■  t£  ■  i 


dA  -  di 


(16) 

(17) 


On  differentiating  (16)  with  respect  to  i,  there  results 


dW 

37-;^ 


(18) 


When  the  bar  first  fractures,  £  ■  Therefore,  the  energy  release 
rate  at  the  onset  of  rapid  fracture  is  given  by 


( 


aw  "N  8W  Mb® 

57  ycrit  *  V  5a  ^rit  “  io 


(19) 


where  (8w/aA)Qxlt  1b  equal  to  the  quantity,  defined  above,  but,  again.  It 
is  based  only  on  the  energy  stored  in  the  specimen. 

The  second  method  of  calculating  the  critical  value  of  G  is  given 
by  Winne  and  Wundt  (21).  The  quantity,  G,  is  given  by 


(1-v*)  On*  h  f(c/d) 


(20) 


where 


rr  -  8M 


V  ■  Poisson's  ratio 


M  >  bending  moment  at  the  notched  section  per  unit  beam 
width 
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C  ■  notch  depth 
h  ■  unnotched  thicknese, 

d  ■  specimen  thickness  at  unnotched  position 
E  ■  Young's  modulus 

Evaluating  this  expression  for  the  experimental  system  of  loading,  specimen 
geometry  (standard  "v"  notch  Cbarpy  bars  were  used),  and  materials,  one 
obtains 


G  -  k.36  X  10"®(L®/h*)f(c/d)  ft.lb/nm?. 


(21) 


where  L  Is  in  lb.,  h  in  mm.,  and  f(c/d)  is  found  in  Figure  I6  of  the  underated 
reference. 


One  can  estimate  the  energy  stored  in  the  bar  initially  in  the  man¬ 
ner  indicated  by  Wells  by  putting  appropriate  measured  quantities  in  the  ex¬ 
pression: 


P©  P  .  L  .  2d  1  W 
'^specimen  “’5’“2  5*T’’2“ir 


(22) 


where 


P  «  load 


d  «  deflection  of  the  specimen  in  the  vertical  direction 
L  ■  distance  between  points  of  support. 

For  a  typical  specimen. 


^specimen 


(1000  lbj(.005") 

5x12 


ft.  lb 


»0.1  ft- lb. 


nils  can  be  seen  to  be  relatively  insignificant  in  congMurlson  to  the  energy 
contributions  of  the  spring. 

A  ccnparlson  of  the  various  energy  release  rates  considered  above 
is  given  in  Table  IX  for  three  specimens  for  idilch  ccmqilete  data  are  available. 
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nie  value  of  computed  from  equation  (19)  has  been  divided  by  2 

in  order  that  the  energy  release  rate  will  be  that  for  each  unit  of  fast- 
fracture  area.  OSie  data  reveal  the  following  facts: 

1.  As  has  often  been  cited,  the  propagation  energy 
associated  with  slow  fracture  is  greater  than 

that  for  fast  fractiure  (columns  2  and  3,  %ble  IX)* 

!nie  energy  absorption  in  fast  propagation  seems  to 
vary  little. 

2.  'Riere  seems  to  be  no  agreement  among  the  four 
methods  of  determining  the  critlcel  energy 
release_rate  at  onset  of  rapid  fracture.  The 
0l  and  G  values  at  least  differentiate  between 
the  two  strength  levels  tested.  Too  few  data 
are  available  to  draw  firm  conclusions.  The 
methods  also  must  be  evaluated  as  to  their 
ability  to  differentiate  among  different  steels. 

If  one  wishes  to  take  into  account  the  energy  contributions  of  the 
spring  system  and  the  specimen  to  the  fracture  process,  one  would  obviously 
consider  adding,  for  exangjle,  and  Well's  (dw/dA)crlt* 

At  present,  it  is  believed  that  the  results  obtained  from  the  type 
of  test  described  above  should  be  viewed  with  some  caution.  As  further  ex¬ 
perience  with  this  test  is  acquired,  the  significance  of  the  results  should 
become  apparent.  An  obvious  problem  which  must  be  probed  is  whether  or  not 
a  stress  criterion  may  be  involved  in  the  fracture  process.  This  problem 
can  be  attacked  with  this  test  since  it  is  possible  to  store  a  given  amount 
of  energy  in  the  spring  system  at  different  loads  by  varying  the  spring  con¬ 
stant.  Other  possible  criteria  for  acceleration  may  be  a  critical  load  or  a 
critical  notch  depth.  It  is  also  possible  that  there  is  no  clear  cut  phe¬ 
nomenological  criterion,  but  that  the  critical  condition  may  reside  in  the 
details  of  the  microstructure. 


4.  Comparison  of  Appearance 
of  Fracture  Surfaces 

It  was  found  that  the  appearance  of  the  fracture  surfaces  is  de¬ 
pendent  on  several  experimental  variables.  A  variation  was  found  between 
specimens  of  the  same  steel  at  the  two  strength  levels,  and  also  between  air 
and  vacuum  melted  heats  of  the  same  steel.  Moreover,  the  different  experi¬ 
mental  steels  had  varying  nature  of  fracture  surfaces,  and  these  differences 
were  subject  to  modulation  by  varying  the  conditions  of  test,  notably  the 
case  depth,  the  amount  of  available  energy  and  rate  of  loading.  The  appear¬ 
ance  of  the  fracture  surfaces  is  indicative  of  the  mode  of  the  fracture  pro¬ 
cess,  and  should  permit  correlation  of  microstructure  with  the  nature  of  the 
path  taken  for  fracture.  For  a  more  complete  analysis  of  the  variation  in 
fracture  mode,  high  magnification  ,  light  microscopic,  and  electron  micro¬ 
scopic  fractographlc  analysis  would  be  a  useful  supplement  to  the  essentially 
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nacTOScoplc  study  made.  Hbvever,  certain  tentative  conclusions  are  drawn 
based  on  the  observations  made. 

In  general,  the  first  stage,  or  slow  growth  stage,  of  the  fracture 
process  has  a  relatively  rough,  shiny  fracture  surface  In  coiq>arison  to  the 
final  rapid  propagation  stage.  It  is  found  further  that  the  flatness  of  both 
stages  Is  very  susceptible  to  experimental  variables.  Upon  comparison  of 
Figure  21,  which  depicts  MX-2  at  275,000  psi,  and  Figure  22,  which  depicts 
D6AC  at  275,000  psl.  It  Is  seen  that  they  are  in  essential  agreement.  How¬ 
ever,  the  former  la  somewhat  flatter  over-all  and  the  demarcation  line  between 
the  two  stages  is  much  more  evident  that  In  the  latter.  If  one  now  considers 
Figure  23,  D6  at  275»000  psl,  one  observes  little  difference  in  the  rapid 
propagation  stage,  but  the  slow  growth  stage  has  a  rougher  surface  with  rlver- 
llke  patterns  and  hills  and  valleys  evident.  Figure  24  depicts  the  vacuum 
melted  steel,  d6AC,  at  the  lower  strength  level.  Again  the  fracture  surfaces 
are  rougher,  with  irregularities  in  both  stages,  a  large  river  pattern  is 
evident  in  the  fast  propagation  stage.  Figure  25  deals  with  the  air  melted 
steel,  D6,  at  250,000  psl.  Both  fracture  segments  are  very  irregular  in  this 
specimen.  The  fracture  process  appears  to  be  very  discontinuous  in  the  first 
stage  and  its  extent  appears  to  be  very  irregular,  the  selection  of  the  denar- 
cation  line  between  the  two  stages  is  quite  difficult  in  some  areas. 

Figure  26,  which  deals  with  300M  at  275,000  psl,  is  intermediate 
between  Figures  21  and  22.  Figure  27,  MX-2  at  250,000  psi,  is  also  only 
slightly  different  fi'om  Figure  21.  Of  the  steels  studied  to  date,  the  effect 
of  the  strength  level  on  the  fracture  surface  has  been  less  significant  for 
AISI  4340,  30OH,  and  MX-2  than  for  D6  and  D6AC.  No  appreciable  differences 
were  seen  between  MX-2  single  and  double  melted.  However,  steels  AISI  4340 
and  30OM  have  only  been  studied  to  a  very  limited  extent  and  decisive  con¬ 
clusions  are  not  possible  at  the  present  time. 

It  was  found  that  by  varying  the  conditions  of  test  only  the  slow 
stage  or  the  rapid  stage  of  fracture  could  be  obtained  to  the  exclusion  of 
the  other  mode.  The  appearance  of  the  D  fracture  sxirface  of  a  specimen  of 
3OOM  at  275,000  psi  broken  upon  continuous  loading  is  seen  in  Figure  28. 

This  specimen  had  no  evident  slow  growth  stage  in  its  failure,  and  the 
fracture  is  seen  to  be  the  same  throughout  and  quite  flat  and  smooth.  Fig¬ 
ure  29,  on  the  other  hand,  shows  the  fracture  surface  of  D6AC  at  250,000  psl. 
Uils  specimen  broke  continuously  over  a  period  of  a  few  minutes  with  no  rapid 
fracture  stage.  Itae  restraining  nut  was  tightened  down  so  that  the  release 
of  energy  from  the  spring  was  8everd.y  limited  in  this  case.  Thus,  because 
of  the  small  amount  of  available  energy,  acceleration  of  the  crack  was  not 
acconqplished.  This  fracture  surface  is  seen  to  be  very  irregular  with  much 
evidence  of  discontinuous  fracture. 

In  discussing  the  mode  of  failure  observed,  and  in  making  micro- 
structural  coirelations,  it  must  be  remembered  that  in  all  cases  the  first 
crack  was  present  (in  the  case  of  pre-cracking),  or  in  the  material  altered 
to  greatly  lower  the  difficulty  of  its  fonsatlon  (the  carburized  case).  The 
slow  growth  of  the  crack  occurs  by  the  discontinuous  movement  of  the  crack 
front.  The  crack  grows  until  it  is  stopped  due  to  changing  stress  or  material 


Figure  21.  MX-2,  Double-Melted,  275,000  pel.  The  Slow  and 

Fast  Praeture  Areas  are  Clearly  Discernible  (12X} 


Figure  22.  d6AC,  275,000  psi.  Two  Stages  of  Fracture  (12X) 


50 


Figure  23.  d6,  275,000  psi.  Irregular  Surface  Features 

Are  Seen  in  the  Slow  Growth  Stage  (12X) 


Figure  24.  D6AC,  250,000  psi.  River  Pattern 

is  Seen  in  Rapid  Propagation  Stage  (12X) 
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Figure  25.  D6,  250,000  pel.  Very  Irregular  Surfaces 

are  Seen  in  Both  Fracture  Segments  (l2X) 
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Figure  27.  MX-2,  Double -Melted,  250,000  psi.  Essentially 

Same  Appearance  as  at  Higher  Strength  Level  (12X) 


Figure  28.  5OOM,  275,000  psi.  Fast  Fracture  0nly(i2X) 
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Figure  29.  D6AC,  250,000  psi.  No  Rapid  l^Vacture 

Stage,  Very  Irregular  Fracture  Surface  (12X) 


5*t 


conditions.  If  the  material  is  quite  uniform  with  respect  to  ductility,  we 
would  expect  that  as  conditions  changed,  e.g.  due  to  the  corrosive  effect  of 
distilled  water  in  our  case,  such  that  continued  growth  was  favored,  the 
crack  front  would  move  ahead  uniformly  in  the  direction  of  the  applied  stress 
field.  However,  if  brittle  areas  are  present,  as  a  result  of  Inclusions  or 
■'500°F"  embrittlement  for  example,  the  crack  might  grow  in  a  discontinuous 
manner.  Those  areas  more  susceptible  to  fracture  being  consumed  while  the 
more  resistant  areas  remain  intact,  or  are  encircled.  This  is  thought  to 
explain  the  bizarre  appearance  of  the  fracture  surfaces  found  in  the  slow 
fracture  stages  of  some  specimens,  notably  D6. 

To  obtain  the  fast  fracture  stage,  the  slowly  growing  crack  must 
be  accelerated.  If  we  consider  an  inhomogeneous  material  with  weak  areas, 
ic  would  seem  that  since  crack  growth  is  easier  in  these  areas  acceleration 
would  also  be  more  easily  accomplished  in  these  areas.  However,  if  we  con¬ 
sider  an  arrested  crack  front,  the  weak  areas  might  serve  as  safety  valves 
which  relieve  the  stress  field  build-up  before  it  becomes  sufficient  for 
acceleration.  ISie  weak  areas  yield  at  low  stresses  and  hence  the  critical 
value  for  acceleration  may  not  be  obtained  until  later  or  not  at  all.  This 
is  thought  to  explain  the  ability  to  eliminate  the  fast  stage  in  steels  D6A 
and  D6AC,  which  it  has  not  been  possible  to  do  so  with  MX-2.  However,  this 
is  not  to  say  it  could  not  be  done  with  MX-2,  but  only  that  MX-2  is  more 
resistant  to  this  manipulation.  Above  all,  it  should  be  borne  in  mind  that 
a  structure  has  failed  whether  by  the  slow  or  fast  fracture  processes.  The 
chance  of  blunting  an  accelemted  crack  is  much  less  than  that  of  blunting  a 
slowly  growing  crack,  but  the  slowly  growing  crack,  in  a  non-homogeneous 
material,  can  proceed  to  failure  without  the  energy  requirements  imposed  by 
acceleration  of  the  crack. 


IV.  STRUCTURAL  STUDIES 


A.  INTRODUCTION 

In  order  to  explain  the  mechanical  behavior  of  the  experimental  steels, 
certain  microstructural  investigations  were  undertaken,  and  a  determination 
of  the  relative  inclusion  content  of  the  steels  was  made.  The  morphology  of 
the  carbide  precipitates  was  studied  by  surface  and  extraction  replica  elec¬ 
tron  microscopy.  The  composition  of  the  carbides  was  determined  by  selected 
area  transmission  electron  diffraction  analysis  of  the  extraction  replicas. 

An  attempt  was  made  to  obtain  mean  free  distance  and  volume  fraction  values 
for  the  microstructures  studied.  However,  experimental  difficulties  miti¬ 
gated  against  the  attainment  of  reliable  data. 

Although  the  analysis  of  the  microstructures  is  incomplete  with  respect 
to  matrix  properties  and  the  presence  of  retained  austenite,  certain  obser¬ 
vations  were  made  which,  it  is  believed,  help  to  explain  the  torsional  pro¬ 
perties,  and  the  fracture  characteristics  of  the  steels  studied.  For  example, 
the  steels  with  larger  amounts  of  inclusions  appear  to  be  more  susceptible 
to  the  onset  of  plastic  instability,  as  would  be  expected.  Also,  preliminary 
results  appear  to  indicate  that  the  inclusion  content  affects  the  process  of 
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failure  In  static  bend  testing.  However,  sufficient  bend  testing  to  estab¬ 
lish  this  observation  has  not  as  yet  been  conducted. 


B.  INCLUSION  RATING 

Longitudinal  sections  of  the  various  steel  bars  from  which  the  test 
specimens  were  prepared  were  polished  and  examined  under  the  microscope  at 
100  X.  The  inclusion  rating  was  accomplished  by  con^rlng  the  steels  with 
standard  areas  found  in  the  SAE  Handbook,  1962,  pp.  106-110.  The  results 
are  given  in  Table  X.  The  values  reported  are,  in  all  cases,  averages  of 
the  worst  areas  found  in  the  section.  The  greater  cleanliness  of  the  vacuum 
melted  steels  is  evident. 


C.  ELECTRON  MICROSCOPY 

The  techniques  of  electron  metallography  used  were  those  of  surface  and 
extraction  replication  and  selected  area  electron  diffraction  analysis  of 
extraction  replicas.  The  surface  replicas  were  two-stage  negative  replicas. 

The  initial  surface  replicas  were  made  of  1$  collodion  in  amyl  acetate.  The 
final  replicas  were  gadolinium- shadowed.  Carbon  replicas  were  prepared  from 
the  collodion  impressions.  The  extraction  replicas  were  direct  carbon  rep¬ 
licas  prepared  by  double  etching  of  the  specimens  in  Nital-Zephiran  Chloride. 
The  electron  diffraction  analysis  was  made  using  extraction  replicas  freshly 
prepared  as  described  above.  A  detailed  listing  of  the  diffraction  data  with 
sanple  calculations  has  been  given  in  an  earlier  report  (2d). 

Initially,  it  was  intended  to  analyze  the  various  nicrostructures  by 
means  of  quantitative  metallography.  The  quantities  of  interest  were  the 
volume  fraction  and  mean  free  distance  between  particles.  However,  a  magni¬ 
fication  of  the  true  volume  fraction  and  reduction  in  the  true  mean  free 
distance  results  from  the  effect  of  etching.  This  etching  effect  is  par¬ 
ticularly  troublesome  for  the  small,  finely  dispersed  particles  encountered 
in  the  raicrostructures  of  the  experimental  steels.  It  was  attempted  to  apply 
a  correction  factor  (23,  24)  in  order  to  alleviate  this  difficulty.  However, 
this  correction  terra  is  itself  subject  to  an  etching  effect  and  caused  over¬ 
correction  of  the  data.  Since  the  differences  in  the  quantitative  pararaeters 
of  the  experimental  steels  are  undoubtedly  small,  it  was  felt  that  sufficient 
technical  accuracy  was  not  possible  to  permit  useful  comparisons.  A  detailed 
account  of  this  area  has  been  made  previously  (22). 

Certain  of  the  experimental  steels  studied  were  found  to  be  basically 
identical  from  a  microstructural  viewpoint.  These  low  alloy  steels,  AISI  4340, 
300M,  d6,  D6AC,  MX -2  single-  and  double-melted,  all  contain  about  0.40^  C  and 
differ  essentially  only  in  their  alloying  elements.  Certain  variations  were 
observed  in  their  microstructures,  however.  The  remaining  steels,  Hy-Tuf  and 
H-11,  air-  and  vacuum-melted,  were  quite  different  from  each  other  and  the 
previous  steels.  Hy-Tuf  contains  only  a  moderate  euiiount  of  carbon,  0.255^, 
and  H-11  is  a  high  alloy  hot  work  die  steel  {%  Cr). 
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Ibble  X.  Inclusion  Ratings  of  the  Ibcperin-iental  Steels 


Steel 

Oxide  Rating 

Silicate  Rating*- 

AISI  4340 

2 

30OM 

D6 

D6AC 

<  1 

H-11  (air) 

1 

H-11  (vac. ) 

<  1 

MX-2  (single  VAM) 

1 

MX-2  (double  VAIi) 

<  1 

Hy-Tuf 

2 

ly 

*-Eased  on  SAE  Standard  Inclusion  Rating  Charts 


AISI  4340  and  the  other  low  alloy  steels  containin’:  about  0.40'?)  C  all 
appear  to  be  effected  to  some  extent  by  ”500®!'’  enbrittlerient"  at  the  250, oOO 
psi  stren';:th  level.  'H’iIg  is  based  on  the  criteria  ;'enerall,7  accepted,  nar.-ei”, 
the  transition  of  the  carbide  precipitate  fror.  epsilon  carbide  to  cer.-.enti’.;c  (25), 
and  the  appearance  of  platelet  cenantite  early  In  the  third  sta-e  of  te.iper- 
ins  (26).  It  oust  be  reneobered  that  recent  invesui -rations  with  hi ’71  purity 
special  melted  steels  (2Y)  have  cast  doubt  on  the  coir.pieteness  of  the  above 
cri'teria  and  there  is  no  solely  raiciostructural  means  for  detenuinin-  the 
degree  of  the  embrlttlenient.  Hie  properties  of  the  i.atrix,  as  ei’fectei  by 
various  trace  elements  (2?)  and  in  general,  iray  indeed  nave  a  ■;i-eater  role 
in  "500®F  embrittlement"  than  is  commonly  thou.ght.  Tuis  is  certain.L,y  an  area 
requiring  further  investigation. 

The  above  steels  at  the  higher  strength  level  (2:'5,00C  nsi  T.S.)  consist 
essentially  of  a  matrix  of  low-carbon  martensite  with  epsilon  caruide  preci¬ 
pitates.  Cer-taln  amounts  of  cementite  have  oeen  detected  visually  and  by 
diffraction  in  some  of  the  steels,  however,  sugsestin,-;  that  "500°i'‘’  embrittle¬ 
ment"  may  be  somewhat  in  play  her«  also.  Hy-Tuf  at  both  stren':th  levels  had 
a  microstruoture  suggestive  of  epsilon  carbide  in  martensite  and  diffraction 
analysis  indicated  the  presence  of  epsilon  carbide.  However,  due  to  the  dif¬ 
ficulty  of  extracting  sufficient  quantities  of  carbides  for  analysis,  positive 
identification  of  their  composition  is  difficult.  The  carbon  content  of  this 
steel  (0.25^t  C)  is  right  at  the  minlmuia  amount  generally  accepted  as  necessary 
for  the  transitory  s^tage  of  epsilon  carbide  precipitation.  H-11  at  both 
streng-th  levels  contained  several  different  carbides.  Again  positive  iden¬ 
tification  of  their  exact  composition  was  difficult.  The  difficulties  here 
were  ■that  several  possible  carbides  have  about  the  sarie  "d"  spaoings  and  the 
Inability  to  clearly  resolve  some  of  the  more  intense,  closely  spaced  re¬ 
flections.  However,  'the  presence  of  alloy  carbides  in  addition  to  FeaC  is 
qui’te  evident.  This  is  as  would  be  expected  since  a  secondary^  hardenin.g 
reaction  is  reported  in  this  steel  at  about  950°F  (28).  Nbreover,  an  em¬ 
brittlement  related  to  the  early  stages  of  secondary  hardening  is  well  known 
in  such  steels  as  this,  and  may  play  a  certain  role  in  the  experimental  steels. 
Ihe  s-teels  shall  now  be  considered  in  de'tail  at  the  two  strength  levels. 
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1.  AISI  i»3>lO 

Both  6-cartiide  and  F«aC  were  identified  by  electron  diffraction 
fualyela  at  tbe  273,000  pal  etrength  level.  Dile  duplex  structure  is  exem¬ 
plified  in  Figure  30.  Both  carbides  were  also  identified  at  the  lover 
strength  level;  however,  FesC  was  by  far  the  predominant  carbide  present. 
Some  rather  coarse  cementlte  platelets  are  seen  in  Figure  31.  Figure  32 
depicts  an  Interesting  configuration  of  parallel  carbide  platelets. 

Based  upon  the  above  evidence,  it  is  proposed  that  this  alloy  is 
in  an  embrittled  condition.  Ihe  predominant  carbide  in  the  microstructure 
is  seen  to  be  changing  from  c-carbide  to  FeaC.  Platelet  cementlte  has  been 
observed  at  both  strength  levels.  In  the  literature  (23,  26),  it  has  been 
proposed  that  "300^F  embrittlement”  is  in  some  way  relat^  to  tbe  solution 
of  e-carbide  lutd  precipitation  of  cementlte  early  in  tbe  third  stage  of  tem¬ 
pering.  Bie  presence  of  platelet  cementlte  has  also  been  considered  to  be 
indicative  of  this  embrittlement,  therefore,  based  upon  microstructural 
evidence,  this  steel  is  seen  to  be  embrittled  at  both  strength  levels. 

Ihe  closely  spaced,  parallel  cementlte  platelets  are  also  of  in¬ 
terest  from  a  point  of  view  of  embrittlement,  and,  similarly,  of  the  onset 
of  instability.  A  dislocation  pile-up  at  tbe  first  platelet  of  the  colony 
would  Intensify  tbe  stress  on  the  other  side  of  tbe  platelet.  However, 
plastic  flow  of  the  matrix  on  tbe  other  side  of  the  platelet  is  restrained 
due  to  the  close  proximity  of  the  next,  parallel  platelet  and  the  build-up 
of  stress  procedure  is  repeated.  Moreover,  the  matrix  surrounding  the 
colony  of  platelets  would  be  expected  to  be  relatively  low  in  cohesive 
strength  because  of  the  relatively  low  carbon  content  due  to  the  large 
amount  of  precipitation  involved  in  the  adjacent  cementlte  colony.  Thus, 
it  seems  conceivable  that  a  micro-oi-uck  the  size  of  the  entire  cementlte 
colony  might  be  formed  under  proper  conditions,  and  initiate  failure,  or 
unstable  plastic  flow. 


2.  D6  and  I)6AC 

Ihe  microstructures  of  these  steel's  D6  and  D6AC,  were  not  found 
to  differ  significantly,  aside  from  the  standpoint  of  inclusion  content. 

Two  main  observations  on  them  are  that  basically  they  are  similar  in  appear¬ 
ance  to  AISI  and  that  appreciable  quantities  of  undissolved  carbides 
are  present.  The  identification  of  some  carbides  as  undissolved  carbides 
is  based  upon  the  relatively  large  size  and  rounded  appearance  of  these 
carbides,  in  comparison  to  the  smaller,  more  elongated,  platelike  precipi¬ 
tated  carbides.  Large  undls solved  carbides  and  finer,  Widmonstatten  type 
carbides  are  seen  in  Figure  53>  depicting  D6  at  275,00^  •  Ti  Figures  3^ 
and  35  depict  D6AC  at  275,000  psi.  Epsilon  carbide  ai.i  :  te  were  both 

identified  by  electron  diffraction. 

Figure  36  shows  the  raicrostructure  of  D6  at  250,000  psi,  and 
Figure  37,  D6AC  at  the  lower  strength  level.  Electron  diffraction  analysis 
revealed  only  FeaC  at  this  strength  level.  However,  trace  quantities  of 
e-carblde  could  well  be  found  by  more  detailed  analysis. 
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Figure  32.  AISI  4340,  250,000  pel.  Extraction  Replica,  14,000  X 
Parallel  Carbide  Platelets  are  Seen 
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Figure  55. 
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D6A  (air),  275,000  psi.  Extraction  Replica,  J^4,000  X 
Large  Undlssolved  Carbides  and  Fine  Widmanstatten  Carbides 
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Figure  Jit-.  D6AC  (vag.),  275,000  pel.  Extraction  Replica,  55,000  X 
Vidoanststten  Carbides  and  Rounded  Undissolved  Carbides 


Figure  35.  D6AC  (vac. ),  275>000  psl,  Extraction  Replica,  35,000  X 
Round^  Uniissolved  Carbides 
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Figure  36.  06  (air),  2^0,000  pel,  Extraction  Baplica,  l4,000  X 

Parallel  Carbide  Platelets 


Figure  37.  D6AC  (vac.)>  250,000  psi,  Surface  Replica,  35,000  X 
Long  Carbide  Films 
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SwM  alloys  are  proposed  to  be  embrittled  for  reasons  previously 
cited  for  AI8I  li'34o.  Obey  appear  to  be  farther  progressed  into  the  third 
stage  of  tempering,  and  hence  should  be  more  ductile  due  to  the  greater  and 
more  uniform  depletion  of  carbon  from  the  matrix.  However,  the  presence  of 
undlssolved  carbides  coaq>lioates  the  picture.  Their  effect  on  over-all 
ductility  is  not  understood.  They  would  certainly  not  be  expected  to  be 
beneficial.  Moreover,  since  these  undlssolved  carbides  are  present,  it 
would  seem  that  a  higter  austenitising  teqperature  should  effect  an  Increase 
in  ductility.  This  was,  indeed,  found  my  Msnlabs  (29).  !Ihls  whole  analysis 
is  complicated  by  the  further  findings  of  ManLabs  that  the  ductility  of  this 
steel  (o6AC)  varies  anomalously  from  one  beat  to  the  next.  This  serves  to 
point  out  the  relatively  incosplete  nature  of  purely  mlcrostructural  analysis 
of  the  kind  undertaken.  Certain  conditions  of  carbide  composition  and  mor¬ 
phology  have  been  revealed;  however,  this  is  but  a  part  of  the  complete  classl 
flcatlon  of  the  brittle  fracture  susceptibilities  of  the  steels  studied. 


3.  Hy-Tbf 


Die  microstructure  of  this  steel  at  the  273,000  psl  strength  level 
is  seen  in  figure  38.  Very  fine  precipitates  as  well  as  elongated  films  are 
seen.  Electron  diffraction  analysis  of  extraction  replicas  indicated  the 
presence  of  e-carbide,  but  due  to  the  nature  of  the  carbides  (l.e.,  it  was 
very  difficult  to  extract  the  extended  carbides,  the  fine  carbides  were  quite 
small,  and  both  types  oxidized  quite  readily),  it  was  impossible  to  obtain 
sufficient  reflections  for  conclusive  analysis.  Figures  39  and  deal  with 
this  steel  at  the  lover  strength  level,  l^silon  ccurblde  was  again  the  only 
carbide  identified,  but  the  previously  discussed  limitations  to  conclusive 
determination  are  still  present. 

This  steel  at  the  tempering  temperature  employed  to  obtain  the 
273,000  psl  strength  level  appears  to  be  in  an  early  stage  of  tempering, 
characterized  by  epsilon  C6u:bide8  and  low  carbon  martensite  matrix. 


4.  30OM 

The  primary  observation  rnmtde  on  this  alloy  is  that  the  carbide  pre¬ 
cipitates,  particularly  at  the  lower  strength  level  are  finer  and  tend  to  be 
less  elongated  than  those  of  AISI  4340,  06  and  d6AC.  Also,  no  parallel 
platelet  colonies  were  observed.  The  additional  observation,  however,  is 
made  that  carbide  precipitation  appears  to  be  concentrated  in  certain  areas 
and  relatively  light  in  other  areas  at  the  lover  strength  level.  This  would 
be  expected  to  a  certain  extent  due  to  the  high  magnifications  used. 

Figures  4l  and  42  depict  the  microstructure  of  this  s  :  . 

higher  strength  level.  Epsilon  carbide  was  revealed  as  the  preu...  -1  .  ..e 

at  this  strength  level  by  electron  diffraction.  The  presence  of  cemientlte 
was  also  Indicated.  Figures  43  and  44  deeil  with  this  steel  at  230,000  psi. 

The  concentration  of  precipitation  in  certain  areas  with  bare  areas  adjacent 
can  be  seen.  Cementlte  was  the  only  carbide  identified  at  this  strength  level 
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Figure  39.  Hy-Tuf,  250,000  psi,  Surface  Replica,  l4,000  X 
General  Microstructure,  Raised  Areas  Possibly 
Indicative  of  Retained  Austenite 
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Figure  *tO.  Hy-Tuf,  250,000  pel.  Surface  Replica,  27,000  X 
High  Magnification  View  of  Microstructure 


Figure  4l.  JOOM,  275,000  psl,  Extraction  Replica,  21,000  X 
General  Microstructure 
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Figure  1*2.  30OM,  275>000  psl.  Extraction  Replica,  35,CXX)  X 

High  Magnification  View  of  Microstructure 


Pi/jure  1*3.  30OM,  250,000  psi,  Extraction  Replica,  14,000  X 

Oeneral  Microstructure,  Precipitation  Concentrated 
in  certain  Areas  and  Sparse  in  Others  is  Seen. 
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Figure  1+4,  30OM,  250,000  pel.  Surface  Replica,  27,000  X 

Areas  Bare  of  Carbides  are  Seen 
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!Rie  heat  treatments  used  to  produce  the  two  strength  levels  in  300M 
are  such  that  "500°P  embrittlement''  should  result  (30).  Moreover,  the  presence 
of  silicon  has  been  found  to  increase  the  severity  of  this  embrittlement  when 
it  ensues  (31).  However,  those  criteria  of  morphology,  such  as  coarse  elon¬ 
gated  or  parallel  cementlte  platelets  and  cementite  precipitated  seml-contln- 
uously  at  martensite  plate  boundaries  and  former  austenite  grain  boundaries, 
which  were  thought  to  signal  this  embrittlement,  are  very  little  in  evidence, 
nie  carbides  are,  on  the  whole,  appreciably  less  coarse  than  in  the  preceding 
steels.  Therefore,  it  is  proposed  that  the  embrittlement  in  this  steel  may 
be  due,  at, least  partially,  to  the  relatively  large  areas  of  ferrite  free  of 
carbides  which  were  observed  in  the  figures.  These  areas,  surrounded  by  higher 
strength  material  containing  dispersed  carbides,  would  be  likely  areas  for  the 
nucleatlon  of  cracks.  Plastic  flow  will  be  restricted  due  to  the  stronger 
material  surrounding  these  bare  areas,  and  the  low  cohesive  strength  of  fer¬ 
rite  might  well  permit  the  formation  of  a  crack.  (Moreover,  If  a  crack  is 
nucleated  at  seme  other  discontinuity,  such  as  an  inclusion,  it  will  be  fur¬ 
nished  an  easy  path  for  extended  growth  through  these  carbide-free  paths  of 
ferrite. 


3.  MX-2  (single  and  double  VAM) 

No  differences  were  found  between  the  microstructures  of  the  single- 
and  double-vacuum  melted  steels.  Figures  45  and  46  depict  the  microstructures 
developed  at  the  275,000  psi  strength  level.  Electron  diffraction  analysis 
revealed  only  €-carbide  at  this  strength  level.  Figures  47  and  4ti  deal  with 
the  lower  strength  level.  Areas  of  ferrite  bare  of  carbides,  and  platelet 
cementlte  are  seen.  Electron  diffraction  analysis  revealed  primarily  FeaC 
at  this  strength  level. 

The  developer  of  this  steel  (Mellon  Institute)  reports  that  a  slight 
embrittlement  ensues  upon  tempering  MX-2  at  700®F  and  somewhat  above  (32).  It 
is  interesting,  therefore,  to  consider  Figure  49  which  deals  with  this  steel 
tendered  at  755° F-  Large  cementite  particles,  as  well  as  semi -continuous  plate¬ 
lets  in  former  austenite  grain  boundaries  are  seen.  This  experimental  steel 
at  250,000  psi  was  tempered  at  68o°F  and  as  can  be  seen  in  Figures  47  and  46 
platelet  cementite  and  bare  areas  of  ferrite  are  present.  Therefore,  MX-2 
might  be  expected  to  be  somewhat  embrittled  at  the  lower  strength  level.  Again 
the  extent  of  this  embrittlement  cannot  be  predicted,  particularly  due  to  the 
lack  of  understanding  of  the  entire  effect  of  the  high  cobalt  content  of 
MX-2. 


6.  H-11  (air  and  vacuum  melted) 

Again  no  differentiation  between  the  air-  and  vacuum-melted  steels 
could  be  made.  Moreover,  little  difference  was  seen  between  H-11  at  the  two 
strength  levels  studied.  The  possible  presence  of  certain  alloy  carbides  as 
well  as  FeaC  was  indicated  by  electron  diffraction.  Figures  50  through  52 
show  the  various  carbides  present  at  275,000  psi.  Electron  diffraction  analy¬ 
sis  of  the  area  of  Figure  50,  which  depects  large  alloy  carbides,  yielded  a 
pattern  that  appeared  to  be  predominantly  tfasCg.  Fine  Widmanstatten  and  more 
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Figure  4^.  MX-2  (double  melted),  ZJ5tOOO  pel,  Extraction  Replica,  24,000  X 
High  Magnification  Shot  of  a  General  Nature 


/ 


Figure  46.  M)C-2  (double  melted),  27^,000  pel,  Extraction  Replica,  ^3,000  X 

Detailed  View  of  Precipitation  Within  and  About  a  tfertensite  Plate 
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Figure  1|'9.  M)C-2  (single  melted),  Ten5>ered  at  735°F>  Surface  Replica,  l4,000  X 

Semi-Continuous  Grain  Boundary  Precipitation 


Figure  50.  H-11  (air),  275,000  psi.  Extraction  Replica,  14,000  X 

large  Alloy  Carbides  in  Evidence 
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Figure  51.  H-11  (air),  2J^5,CXX)  psi,  Extraction  Replica,  35>000  X 

Fine  Widmanstatten  Precipitates  Are  in  Evidence 
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rounded  carbides,  as  veil  as  the  larger  carbides,  are  seen  in  the  other 
figures.  Figures  53,  34,  and  33  deal  with  the  lower  strength  level.  Again 
various  types  of  carbides  are  seen.  Electron  diffraction  analysis  of  areas 
such  as  deputed  in  Figure  34  revealed  Fe^C  and  possibly  MC. 

The  onset  of  secondary  hardening  for  H-11  has  been  reported  to  occur 
at  about  950®F  (28).  Recent  research  (33)  has  suggested  that  this  secondary 
hardening  nay  be  associated  with  the  precipitation  of  numerous  small  alloy 
carbides.  In  the  same  research,  the  large  platelet  precipitates  observed 
were  reported  to  be  predominant  at  lower  tempering  temperatures.  Therefore, 
indications  are  that  these  steels  at  the  experimental  strength  levels  are  in 
the  early  stages  of  secondary  hardening.  Moreover,  this  steel  tested  in  sheet 
form  has  exhibited  very  low  ductility  when  tempered  between  900°  and  1CX)0°F 
(34).  The  ductility  of  this  steel  might,  therefore,  be  somewhat  empalred  at 
the  two  strength  levels  studied.  Whether  this  embrittlement  is  due  to  the 
mlcrostructural  features  seen,  or  is  the  result  of  different  phenomena,  can¬ 
not  be  predicted  at  this  state  of  understanding. 


D.  SUtMARY 

The  mlcrostructural  examination  of  these  steels  is  summarized  in  Thble  XI. 
AISI  434o,  D6,  and  06AC  have  coarser  carbides  than  300M  and  MX-2.  D6  and  D6AC 
also  contain  luidlssolved  carbides.  However,  all  have  features  of  morphology, 
such  as  platelet  precipitates,  parallel  platelet  colonies  and  areas  of  ferrite 
bare  of  carbides,  felt  to  be  detrimental.  Moreover,  they  appear  to  have  been 
tempered  in  the  range  where  third  stage  tempering  begins,  bringing  with  it 
"300°P  embrittlement. "  Hy-Tuf  would  be  expected  to  have  the  limited  ductility 
of  lightly  tempered  steels;  however,  its  low  carbon  content  and  freedom  from 
"300°F  embrittlement"  are  in  its  favor.  H-Il  can  be  expected  to  be  somewhat 
embrittled.  As  a  result  of  secondary  hardening,  the  extent  of  the  embrittle¬ 
ment  and  its  relative  effect,  however,  are  unknown. 
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Figure  53.  H-11  (vac.),  250,000  pel,  Surface  Replica,  14,000  X 

Extended  CarMdes  and  Parallel  Carbides 


Figure  54.  H*ll  (vac.),  250,000  pal.  Surface  Replica,  3^,000  X 
Fine  Structure  Illustrated 
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Figure  55.  H-11  (vmc.),  250,000  pel,  Surface  Replica,  55»000  X 

Qradn  Boundary  Precipitation 
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